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ABSTRACT 
A.R. Hedge B.Sc. 
A Novel Photodiode Array f o r Astronomical Spectroscopy 
Imaging arrays can be constructed from photodiode 
sensor elements using i n t e g r a t e d c i r c u i t f a b r i c a t i o n 
techniques. Such imaging arrays have proved to be us e f u l 
i n the f i e l d of ob s e r v a t i o n a l astronomy, c h i e f l y because 
of t h e i r l i n e a r i t y and good s p e c t r a l response i n the near 
i n f r a red region. 
A photodiode array has been developed by the Plessey 
Co. L i m i t e d , i n c o l l a b o r a t i o n w i t h the Royal Greenwich 
Observatory, This array incorporates c e r t a i n novel techniques, 
i n c l u d i n g an "on-chip" charge a m p l i f i e r on each element, and 
a m u l t i p l e x i n g scheme t h a t allows c o r r e l a t e d double sampling 
and non-destructive readout. The array was o r i g i n a l l y designed 
t o be used i n an e l e c t r o n counting mode, i n s t a l l e d i n an 
electronographic tube. 
The Nuclear Instriamentation Group of Durham U n i v e r s i t y 
has i n v e s t i g a t e d the a p p l i c a t i o n of t h i s array t o d i r e c t 
o p t i c a l imaging, i n p a r t i c u l a r f o r astronomical spectroscopy. 
The c h a r a c t e r i s t i c s of the array when used i n the photon 
i n t e g r a t i o n mode have been i n v e s t i g a t e d , and measurements have 
been made of r e s p o n s i v i t y , thermal leakage, l i n e a r i t y , noise 
components, and other p r o p e r t i e s . 
A CAMAC based computer c o n t r o l system has been designed 
and constructed, and the r e q u i r e d software developed, t o operate 
the array as an observing instrument. 
The array has been used i n observational t e s t s at the Coude 
spectrograph of the 30 inch telescope of the Royal Greenwich 
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The Development of S i l i c o n Detector Arrays 
and t h e i r use i n Astronomical Imaging 
S o l i d s t a t e s i l i c o n photodetectors possess several 
c h a r a c t e r i s t i c s which make them eminently - s u i t a b l e f o r 
astronomical use. These are c h i e f l y a very high quantum 
e f f i c i e n c y and a l i n e a r response t o l i g h t i n the v i s i b l e 
and near i n f r a - r e d regions. Of equal importance i s the 
a b i l i t y t o f a b r i c a t e large multielement detector arrays, 
t a k i n g advantage of the enormous advances i n s i l i c o n 
i n t e g r a t e d c i r c u i t technology made since the mid 1960's 
This t h e s i s describes such a multi-element array 
based on photodiodes, manufactured by Plessey i n 
c o l l a b o r a t i o n w i t h the Royal Greenwich Observatory. 
F i r s t l y , the need f o r such a device w i t h i n the 
realm of astronomical instruments i s established, and t h i s 
i s f o l l o w e d by a review of the development t o date of s o l i d 
s t a t e imagers. Following chapters describe the p r i n c i p l e s 
o f o p e r a t i o n of photodiode arrays, the development of the 
Plessey array and i t s computer based c o n t r o l system, the 
i n i t i a l l a b o r a t o r y experiments on the device and the 
i n c o r p o r a t i o n of the array i n t o an astronomical spectrograph, 
1.1. The Detector i n Astronomy 
The growth of i n t e r e s t over the l a s t few decades i n 
the development of detectors f o r use w i t h telescopes can 
be explained by considering the ways i n which the "power" 
or l i m i t i n g magnitude of a telescope can be improved, 
S i m p l i s t i c a l l y , the l i m i t i n g magnitude of a telescope i s 
de f i n e d by the detector s e n s i t i v i t y and by the l i g h t 
c o l l e c t i n g a b i l i t y of the o p t i c a l system. In order t o 
r a i s e the system "power" by a f a c t o r of two, i t is. 
necessary t o double the area of the primary m i r r o r . The 
cost of c o n s t r u c t i n g l a r g e telescopes tends t o increase 
somewhat f a s t e r than t l ^ ^ ^ ^ ^ a ^ ^ o f the primary m i r r o r 
diameter. 
SECTION 
The same advantage can be achieved by a fa'ctor 
of two improvement i n d e t e c t i v e quantum e f f i c i e n c y , 
u s u a l l y at considerably lower cost. 
1.1.1. Detector Requirements 
P r i o r t o the f u r t h e r discussion of the type of 
det e c t o r s used i n astronomy, some mention should be 
made of the type of work f o r which such detectors are 
re q u i r e d , and the c o n s t r a i n t s so imposed. 
The two f i e l d s f o r which detectors are most 
wid e l y used i n astronomy are Photometry and Spectroscopy. 
Photometry i s the measurement of the i n t e n s i t y of l i g h t 
e m i t t e d from s t e l l a r and extended o b j e c t s . A detector f o r 
photometric work should t h e r e f o r e have a response as 
l i n e a r as p o s s i b l e . However, there i s u s u a l l y no 
requirement f o r s p a t i a l imaging. I n Spectroscopy, the 
incoming l i g h t i s " s p l i t " by some d i f f r a c t i v e element, 
u s u a l l y a g r a t i n g , and the r e l a t i v e i n t e n s i t i e s of the 
component wave-lengths are measured. This can be achieved 
by mechanically scanning the. spectrum w i t h a s i n g l e 
channel d e t e c t o r , but i d e a l l y the detector i t s e l f should 
be capable of r e s o l v i n g the spectrum s p a t i a l l y . Such r e s o l u t i o n 
i s u s u a l l y only r e q u i r e d i n one d i r e c t i o n , t h a t i s "along" 
the spectrum. 
•Many more f i e l d s of astronomy have developed as 
s u i t a b l e d e t e c t o r s have become a v a i l a b l e . Many of these, 
such as p o l a r i m e t r y r e q u i r e detectors capable of 
2 dimensional r e s o l u t i o n . 
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One fundamental property of many (but not a l l ) 
astronomical d e t e c t o r s which should be mentioned here 
i s the a b i l i t y t o i n t e g r a t e a s i g n a l between readouts. 
There i s u s u a l l y associated w i t h a o p t i c a l detector 
a c e r t a i n amount of noise involved i n the readout 
process. 
I t i s thus advantageous t o i n t e g r a t e and store 
the s i g n a l u n t i l the magnitude of the stored s i g n a l 
i s l a r g e compared w i t h the noise i n c u r r e d by the readout 
mechanism. This w i l l obviously reduce the a b i l i t y of 
the d e t e c t o r t o respond t o time varying s i g n a l s , but i n 
many astronomical a p p l i c a t i o n s , t h i s l i m i t a t i o n i s not 
c r i t i c a l . 
As w i l l be seen i n a l a t e r s e c t i o n , the requirements 
of astronomy are such t h a t a good detector f o r commercial 
imaging i s not ne c e s s a r i l y s u i t a b l e f o r astronomical use. 
S o l i d s t a t e d e t e c t o r s are,however, almost i n v a r i a b l y 
developed f o r commercial use, and the astronomical user 
must o f t e n make the best of what i s a v a i l a b l e . 
1.1.2. T r a d i t i o n a l Detectors 
The t r a d i t i o n a l detectors employed i n conjunction w i t h 
telescopes, are, i n h i s t o r i c a l order, the Photographic 
P l a t e , the P h o t o e l e c t r i c C e l l and the P h o t o m u l t i p l i e r . 
The Photographic emulsion, or p l a t e , has been i n 
use now f o r astronomical observation f o r over a century 
and i s s t i l l probably the most popular and o f t e n used 
de t e c t o r . I t s u f f e r s , however, from several inherent problems 
Photographic p l a t e s have a quantum e f f i c i e n c y of u s u a l l y less 
than 1%, although values as high as 4% have been reported. 
A f u r t h e r problem, and perhaps the most c r u c i a l , i s t h a t the 
quantum e f f i c i e n c y i s dependent on the l i g h t i n t e n s i t y , and 
the image produced by a long exposure t o f a i n t l i g h t i s 
f a i n t e r than t h a t produced by a short exposure t o strong l i g h t 
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even when the t o t a l number of i n c i d e n t photons i s 
the same i n both cases. 
Despite problems associated w i t h i t s use, the 
photographic p l a t e i s s t i l l widely used. I t s s p a t i a l 
r e s o l u t i o n i s d i f f i c u l t t o match, i t i s cheap and 
r e l a t i v e l y simple t o use. 
The p h o t o e l e c t r i c c e l l i s the simplest of the 
e l e c t r o n i c d e t e c t o r s u t i l i s i n g photcfnissive cathodes. 
A. a^ j 
The quantum e f f i c i e n c y can be as high as 20%, and the 
l i n e a r i t y i s extremely good. The s p e c t r a l response 
depends on the composition of the photocathode, but 
very few photocathodes have a s i g n i f i c a n t response above 
about 10,000 % '. Figure 1.1. shows the responses of three 
types of photocathode known as S20, SI and Ga As. 
The short coming of the p h o t o e l e c t r i c c e l l l i e s 
i n i t s very low s i g n a l output. Each photoelectron emitted 
by the photocathode produces only one e l e c t r o n charge at 
the o u t p u t , and the output current must be g r e a t l y a m p l i f i e d 
before i t can be recorded. Nevertheless, considerable 
s t u d i e s have been made i n both photometry and spectroscopy 
using such devices. An immediately apparent disadvantage 
i s t h a t the p h o t o e l e c t r i c c e l l i s a s i n g l e element detector. 
Consequently, f o r spectroscopy i t i s necessary t o construct 
e i t h e r a m u l t i p l e x e d array of several tubes, a scanner i n 
which the det e c t o r i s scanned along the d i r e c t i o n of 
d i s p e r s i o n , or a l t e r n a t i v e l y a scanner i n which the 
d i s p e r s i n g element i s r o t a t e d . The l a s t two systems 
ob v i o u s l y s u f f e r the disadvantage t h a t at any one time 
only a small f r a c t i o n of the a v a i l a b l e l i g h t i s 
























RCAC-3103AA Ga As 
Q5 0-6 07 0-8 0-9 
W A V E L E N G T H ( M I C R O N S ) > 
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FIG.1.1. SPECTRAL RESPONSES 
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P h o t o m u l t i p l i e r s , which have i n t e r n a l gain i n 
the dynode chain, can be considered as being s i m i l a r t o 
a p h o t o e l e c t r i c c e l l w i t h an i n t e g r a l , very low noise 
6 9 
a m p l i f i e r having a gain of between 10 and 10 . This has 
le d t o t h e i r extensive use i n astronomy i n s i t u a t i o n s 
p r e v i o u s l y using p h o t o e l e c t r i c c e l l s . The s t a t i s t i c a l 
f l u c t u a t i o n s i n gain i n the dynode chain lead t o a 
re d u c t i o n i n the s i g n a l to noise r a t i o , but t h i s 
can be overcome t o a considerable extent by the use of 
pulse counting techniques r a t h e r than simple current 
i n t e g r a t i o n methods. 
There i s c l e a r l y a demand i n astronomy f o r a 
de t e c t o r t h a t w i l l combine the l i n e a r i t y and dynamic 
range of the p h o t o m u l t i p l i e r w i t h the s p a t i a l coverage 
of the photographic p l a t e . A wide v a r i e t y of approaches 
have been f o l l o w e d i n c l u d i n g electronography, image tube 
scanners u s i n g both analog storage i n the phosphor and 
e x t e r n a l d i g i t a l storage, and t e l e v i s i o n type systems. 
More r e c e n t l y , i n t e r e s t has been focussed on a v a r i e t y 
of s o l i d s t a t e image detectors. A major problem i n 
the development of "high technology" astronomical detectors 
i s t h a t even the most successful system i s l i k e l y t o be 
operated a t maybe a dozen s i t e s at the most, and the 
research and development costs may prove p r o h i b i t i v e . 
However, the enormous funding devoted t o s o l i d s t a t e 
imaging by the m i l i t a r y ( f o r the development of 
s u r v e i l l a n c e and guidance systems) and by commercial 
companies ( f o r the development of a t e l e v i s i o n camera 
replacement) has made such detectors a v a i l a b l e at r e l a t i v e l y 
low cost, and t h i s has made them very a t t r a c t i v e f o r 
astronomical work. 
The f o l l o w i n g s ection w i l l describe the h i s t o r i c a l 
development and p r i n c i p l e s behind the most promising 
of these devices. 
- 6 -
1.2, The Development of S o l i d State Imagers 
The s o l i d s t a t e multielement imager f i r s t became an 
a t t r a c t i v e prospect, w i t h the development of s i l i c o n i n t e g r a t e d 
c i r c u i t technology. By the use of i n t e g r a t e d c i r c u i t techniques 
i t would be p o s s i b l e t o implement both the detector elements 
and t h e i r readout e l e c t r o n i c s using the same technology, 
o f f e r i n g a l l the' t r a d i t i o n a l advantages of low cost and high 
r e l i a b i l i t y associated w i t h i n t e g r a t i o n . The v a r i e t y of 
d e t e c t o r schemes which have arisen can be subdivided i n t o 
two f a m i l i e s according t o the mode i n which information i s 
e x t r a c t e d from the detector element and t r a n s f e r r e d t o the 
output. I t i s worth n o t i n g here t h a t the vast m a j o r i t y of 
s o l i d s t a t e imagers employ s e r i a l readout. P a r a l l e l 
readout of multielement detectors'becomes uneconomic both 
i n terms of leadouts and readout e l e c t r o n i c s f o r more than 
a few elements. I n the f i r s t class of detectorsjreadout i s 
accomplished by " i n t e r r o g a t i n g " each element i n t u r n , 
• When s e l e c t e d , the output of the element i s gated onto a 
video output l i n e . These are termed addressed arrays. 
Such ar r a y s can be constructed w i t h a random access 
o r g a n i s a t i o n , but i t i s more common t o implement the 
addressing f u n c t i o n w i t h a s h i f t r e g i s t e r and thereby create 
a s e q u e n t i a l access s t r u c t u r e . 
The second class of detector array makes use of an 
analog s h i f t r e g i s t e r i n t o which the element sign a l s are 
loaded, and then clocked through t o the output end of the 
r e g i s t e r . This technique was not f e a s i b l e u n t i l the i n v e n t i o n 
of Charge Transfer Devices enabled the c o n s t r u c t i o n of good 
analog s h i f t r e g i s t e r s . 
The f o l l o w i n g sections review the development of each 
type of a r r a y 
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1.2.1. Addressed Mode Arrays 
( i ) Photoconductive and P h o t o t r a n s i s t o r Arrays 
The e a r l i e s t attempts at producing s o l i d s t a t e 
image sensors were begun before s i l i c o n i n t e g r a t e d 
c i r c u i t technology was w e l l e s t a b l i s h e d . These f i r s t 
devices employed t h i n f i l m t r a n s i s t o r s h i f t r e g i s t e r s 
t o scan arrays of photoconductive sensors. The c i r c u i t 
of a s i n g l e element of such an array i s shown i n 
Figure 1,2, ( a ) . As s i l i c o n technology improved, t h i s 
approach was abandoned, although not before working 
arrays o f 180 x 180 256 x 256 and 512 x 512 
elements had been demonstrated by RCA, 
At about the same time, an a l t e r n a t i v e approach 
was being f o l l o w e d using b i p o l a r arrays, A 400 x 500 
6 ^ 
element ar r a y was manufactured by Westinghouse , 
using t h e c i r c u i t of Figure 1.2. (b) as the basic 
element. Problems were encountered w i t h wide v a r i a t i o n s 
i n t r a n s i s t o r gain and w i t h the non-linear emitter-base 
c h a r a c t e r i s t i c s , which l e d t o a t h r e s h o l d e f f e c t at low 
l i g h t l e v e l s . Meanwhile, improvements i n MOS technology 
caused a.loss of i n t e r e s t i n photoconductive and 
p h o t o t r a n s i s t o r arrays i n favour of the simpler MOS 
photodiode arrays. 
( i i ) Photodiode Arrays 
I n t e r e s t i n Photodiode sensors began when the 
charge storage mode of operation was suggested by 
7") 
Weckler \ I n t h i s mode, a p-n^junction i s f i r s t 
reverse biased and then open c i r c u i t e d . I n the dark, 
the v o l t a g e across the j u n c t i o n w i l l decay due t o the 
thermal generation - recombination current i n the 
d e p l e t i o n r e g i o n . I f the j u n c t i o n i s i l l u m i n a t e d , 
p h o t o c u r r e n t adds t o t h i s dark current and increases the 
r a t e o f discharge of the d e p l e t i o n l a y e r capacitance. 
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I f the photocurrent i s very much l a r g e r than the 
dark c u r r e n t then the r a t e of decay of charge i s l i n e a r l y 
r e l a t e d t o the i n c i d e n t i l l u m i n a t i o n , and hence the t o t a l 
charge l o s t i s p r o p o r t i o n a l t o the i n t e g r a l of the 
i l l u m i n a t i o n . 
E a r l y arrays consisted of photodiodes each w i t h a 
MOS t r a n s i s t o r as the switch t o open c i r c u i t the diode, 
w i t h each t r a n s i s t o r scanned by an element of an ex t e r n a l 
s h i f t r e g i s t e r , and s i n g l e l i n e arrays of several hundred 
elements were constructed i n t h i s way. The next 
development was the i n t e g r a t i o n of the s h i f t r e g i s t e r onto 
the same s i l i c o n chip. The c i r c u i t diagram of such an 
array i s shown i n Figure 1.3. Linear arrays of t h i s type 
have been commercially a v a i l a b l e f o r several years, c h i e f l y 
8 ^  
from the Reticon Corporation ', who at present market 
arrays of up t o 2048 elements. 
I n such l i n e a r arrays, the sensor elements are 
o f t e n elongated t o give a large area and t h e r e f o r e high 
capacitance. 
This leads t o a larg e stored s i g n a l but without 
reducing s p a t i a l r e s o l u t i o n along the d i r e c t i o n of scan. 
Obviously t h i s cannot be done i n two dimensional arrays 
where high r e s o l u t i o n i s re q u i r e d i n both dimensions, and 
the consequently small s i g n a l l e v e l s a v a i l a b l e have proved 
troublesome. The a d d i t i o n of a voltage sampling MOS a m p l i f i e r 
at each element has been experimented w i t h , but the 
r e s u l t i n g s t r u c t u r e i s too complex and wasteful of a c t i v e area 
t o be usable i n large arrays. However, 10 x 10 element 
9) 
arrays o f t h i s type have been constructed by Plessey and 
8 ) 
100 x 100 arrays are a v a i l a b l e using simpler elements . For 
area a r r a y s , though,, the simpler s t r u c t u r e of charge t r a n s f e r 
devices has proved more competitive, and consequently development 
e f f o r t i n area diode arrays has l a r g e l y been discontinued. 
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1.2.2. Charge Transfer Mode Arrays 
H i s t o r i c a l l y the f i r s t p r a c t i c a l charge t r a n s f e r 
device was the Bucket Brigade Device (BBD) developed at 
P h i l i p s by Sangster and Teer i n 1969. Considerable 
i n t e r e s t arose i n the p o t e n t i a l a p p l i c a t i o n to imaging 
devices. However i n 1970, Boyle and Smith of B e l l 
l a b o r a t o r i e s proposed a device using the charge coupling 
p r i n c i p l e These Charge Coupled Devices (CCD's) 
r a p i d l y overtook the BBD i n terms of charge t r a n s f e r 
e f f i c i e n c y and have since completely dominated the BBD 
i n imaging a p p l i c a t i o n s . Consequently the CCD w i l l here 
be described f i r s t and then a b r i d f comparison of the 
BBD w i l l be given. 
( i ) Charge Coupled Devices 
The simplest type of CCD i s the p-type 3 phase 
surface channel device as shown i n Figure 1.4. i t i s 
e s s e n t i a l y an analog s h i f t r e g i s t e r i n which a charge 
packet i s sto r e d i n p o t e n t i a l w e l l s i n the MOS s t r u c t u r e . 
These p o t e n t i a l w e l l s are created under the electrodes by 
ap p l y i n g a p o s i t i v e voltage i n excess of the threshold 
v o l t a g e t o the electrode. I f an adjacent p o t e n t i a l w e l l 
i s made deeper by applying a higher gate p o t e n t i a l , the 
st o r e d charge can be t r a n s f e r r e d from the f i r s t w e l l to 
the second. By using a three phase clock, charge can be 
t r a n s f e r r e d along a l i n e a r arrangement of electrodes. Used 
as an imaging device, c a r r i e r s are generated thermally and 
o p t i c a l l y i n an analogous way t o i n the reverse biased 
diode, and s i m i l a r l y the accumulated charge i s p r o p o r t i o n a l 
t o the time i n t e g r a l of the i l l u m i n a t i o n ( f o r i l l u m i n a t i o n 
l e v e l s g r e a t l y in: excess of the thermal l e a k a g e ) . Thus a 
l i n e a r C C D . imaging array can be f a b r i c a t e d which can be 
compared w i t h a l i n e a r photodiode array. The absence of 
addressing c i r c u i t s enables a higher packing density t o be 
achieved, and f a c i l i t a t e s the c o n s t r u c t i o n of area arrays. 
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( i i ) Bucket Brigade Devices 
The c i r c u i t concepts behind the Bucket Brigade 
Device as an analog s h i f t r e g i s t e r were described as 
long ago as 1952 ', but at the time there were no' 
p h y s i c a l components t h a t could approach the i d e a l i s e d 
s w i t c h i n g c i r c u i t s r equired. Their successful 
implementation had t o await the development of MOS 
technology \ although some i n i t i a l work was 
c a r r i e d out using b i p o l a r c i r c u i t r y . 
I n c o n t r a s t t o the CCD, the Bucket Brigade Device 
can be represented*by a network of d i s c r e t e components 
as shown i n Figure 1.5. ( a ) . Also shown ( f i g u r e 1.5 ( b ) ) 
i s the p h y s i c a l s t r u c t u r e of a t y p i c a l BBD array. Charge 
i s t r a n s f e r r e d from element t o element under the c o n t r o l 
of a two phase clock ( t h e BBD i s a u n i d i r e c t i o n a l r e g i s t e r 
o n l y ) . The t r a n s i s t o r s f u n c t i o n as source f o l l o w e r s 
which cut themselves o f f when the t r a n s f e r t o the next 
stage- i s complete. Each element of the s h i f t r e g i s t e r 
comprises two t r a n s i s t o r s and two capacitors. For use 
as an imager, photosensors must be added t o introduce a 
charge p a t t e r n i n t o the capacitors before the a p p l i c a t i o n 
of the clock waveforms. I n theory any type of photo-
d e t e c t o r can be used, but the photodiode i s an obvious 
choice since these already e x i s t beneath the source and 
d r a i n d i f f u s i o n s i n the MOS s t r u c t u r e . I t - i s 
i n t e r e s t i n g t o note the s i m i l a r i t i e s between the BBD 
and CCD as shown on Figures 1.4 arid 1.5. ( b ) . 
Two dimensional arrays using BBD's were successfully 
14") 
produced at RCA '^.In the e a r l y stages of BBD imagers, the 
CCD was developed which at the time had a very much superior 
charge t r a n s f e r e f f i c i e n c y . Consequently i n t e r e s t focussed 
on the CCD, and Bucket Brigade imager development was 
abandoned.However, a novel a p p l i c a t i o n of the BBD was 
suggested i n which i t i s used as a scan generator f o r 
an addressed mode device such as a photodiode array. By the 
use o f s u i t a b l e clocks the BBD can be used as a d i g i t a l 
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s h i f t r e g i s t e r w i t h o n l y a s i n g l e t r a n s i s t o r and 
cap a c i t o r per stage, a reduc t i o n i n component count 
by a f a c t o r of about 5 over a conventional MOS r e g i s t e r . 
The development of CCD technology has made possible 
the development of a t h i r d type of charge t r a n s f e r device, 
known as the Charge I n j e c t i o n Device (CID). 
i i i ) Charge I n j e c t i o n Devices 
This device combines the addressed mode readout of 
the photodiode array w i t h the p o t e n t i a l w e l l storage concepts 
of the CCD. Thus although t r u l y t h i s device belongs under the 
heading o f addressed arrays, i t i s included here because the 
concepts and technology associated w i t h the charge i n j e c t i o n 
device (CID) are c l o s e l y r e l a t e d t o the CCD, 
The f i r s t of these devices t o be reported was a 
32 X 32 element array produced by General E l e c t r i c 
The sensor element co n s i s t s of two electrodes under which 
m i n o r i t y c a r r i e r s are sto r e d , as i n a CCD, connected by a 
d i f f u s e d l i n k , as shown i n Figure 1.6 ( a ) . P o t e n t i a l w e l ls 
are created beneath the electrodes by a p p l i c a t i o n of gate 
p o t e n t i a l s , and charge generation and storage mechanisms are 
e x a c t l y as f o r a CCD. What i s d i f f e r e n t i s the way i n which 
s t o r e d charge can be manipulated by varying the p o t e n t i a l s 
on the ele c t r o d e s . I f the gate p o t e n t i a l i s removed from 
e i t h e r e l e c t r o d e , the charge i s t r a n s f e r r e d t o under the 
other e l e c t r o d e (Figure 1.6 ( b ) ) . When the p o t e n t i a l i s 
simultaneously removed from both electrodes, the charge i s 
i n j e c t e d i n t o the substrate (Figure l.;6. ( c ) ). By measuring 
the i n j e c t i o n of charge i n t o the substr a t e , an area scanned 
array can be made, i n which the element t o be read out i s 
sel e c t e d by "row" and "column" electrodes being simultaneously 
r e t u r n e d t o zero v o l t s . 
The s t r u c t u r e of a simple 4 x 4 element CID imager of 
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A f u r t h e r development of the CID concept has been 
demonstrated i n General E l e c t r i c ' s 244 x 248 element 
16) 
imager \ which they have termed p a r a l l e l i n j e c t i o n . 
In t h i s mode, the s i g n a l charge at each element i s measured 
by an " i n t r a c e l l " t r a n s f e r between the two electrodes. A f t e r 
completing readout the array can be cleared of accumulated 
charge by i n j e c t i o n i n t o the substrate ( o r e p i t a x i a l l a y e r ) . 
This operation can be i l l u s t r a t e d by considering the c i r c u i t 
of a 4 x 4 p a r a l l e l i n j e c t i o n array as shown i n Figure 1.8. 
I n i t i a l l y , a l l "row" elements have a gate p o t e n t i a l applied 
t o them,and the "column" elements are charged t o a p o t e n t i a l 
and then allowed t o f l o a t . A row i s seliected f o r readout 
by removal of the c o n t r o l p o t e n t i a l from t h a t row, and a l l the 
charges under the electrodes of t h a t row are t r a n s f e r r e d t o 
the column s i t e s . Since the column l i n e s are f l o a t i n g each 
experiences a voltage change equal t o the s i g n a l charge 
d i v i d e d by the column capacitance. 
The h o r i z o n t a l scan r e g i s t e r then connects each 
column p o t e n t i a l ( i n t u r n ) t o the video a m p l i f i e r . At 
the end of the l i n e scan, the column p o t e n t i a l s can a l l 
be r e t u r n e d t o zero through the switches SI t o S4, r e s u l t i n g 
i n i n j e c t i o n of the charges i n the selected row. A l t e r n a t i v e l y , 
the row p o t e n t i a l can be r e - e s t a b l i s h e d , r e t u r n i n g the s i g n a l 
charge t o under the row electrodes. This l a s t option 
c o n s t i t u t e s a non d e s t r u c t i v e read out (NDRO) and as w i l l be 
seen, t h i s has considerable advantages f o r astronomical 
imaging. 
1.2.3. Current Trends i n S o l i d State Imaging 
Of the various types of s o l i d s t a t e imager described, 
only t h r e e are s t i l l c u r r e n t l y a t t r a c t i n g i n t e i ^ s t . These 
are the l i n e a r photodiode array, the CCD and the CID. 
For a p p l i c a t i o n s r e q u i r i n g only s i n g l e l i n e detectors, the 
diode array i s s t i l l i n many cases the most a t t r a c t i v e choice 
because of the low cos.t, ready a v a i l a b i l i t y and s i m p l i c i t y . 
- 13 
Devices of up t o 2048 elements long are 
8") 
a v a i l a b l e " o f f the s h e l f " , and manufacturers are 
o f f e r i n g complete k i t s f o r such a p p l i c a t i o n s as 
17 V 
i n d u s t r i a l process c o n t r o l ^. 
For area arrays, photodiode x-y addressed devices 
are a v a i l a b l e w i t h moderate numbers of elements 
(up t o about 100 x 100). 
For l a r g e r area arrays, CCD's take the lead 
over diode arrays and experimental devices of 800 x 800 
18) 
have been demonstrated by Texas Instruments. General E l e c t r i c 
are s t i l l pursuing t h e i r CID imager technique and 
19) 
have produced an array of 400 x 300 elements '1 
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1.3. An Evaluation of the S u i t a b i l i t y of So l i d 
State Arrays f o r Astronomical Imaging 
The astronomical community has shown i n t e r e s t i n 
a l l t h r e e of the dete c t o r s l i s t e d above, the diode array, 
the CCD and the CID, and i t i s of i n t e r e s t t o compare 
t h e i r performance and l i m i t a t i o n s w i t h special reference 
t o astronomical a p p l i c a t i o n . The c r i t i c a l t e s t s of 
performance are s p e c t r a l response, dark s i g n a l , noise, 
d e t e c t i v e quantum e f f i c i e n c y , l i n e a r i t y , l a g and detector 
geometry. These w i l l be t r e a t e d i n t u r n . 
1.3.1. S p e c t r a l Response 
The S p e c t r a l Response of a l l three devices i s , 
as would be expected, very s i m i l a r . The response i s 
l i m i t e d at the red end by the s i l i c o n band gap 
energy E^, and at the blue end by the opacity of the 
s i l i c o n t o short wave-lengths, and by the tendency f o r 
e l e c t r o n - h o l e p a i r s t o recombine w i t h the surface states 
near the surface of the s i l i c o n . T ypical quantum 
20) 21 22) e f f i c i e n c y curves obtained from diode arrays ', CCD's ' 
23) 
and CID's ' are shown i n Figure 1.9. Of the two curves 
presented here f o r the CCD, curve (b) shows the i n t e r f e r e n c e 
e f f e c t s encountered i n f r o n t i l l u m i n a t e d CCD's, due t o 
the p o l y s i l i c o n e l e c t r o d e s t r u c t u r e s on the f r o n t surface. 
Curve ( c ) shows the smoother response obtainable from back 
i l l u m i n a t e d CCD's i f the device i s thinned i n the sensor 
area. This technique i s being developed p r i m a r i l y by R.C.f\ * 
Texas Instruments and i s v i r t u a l l y a necessity i f CCD's 
^ e t o be used i n astronomical spectroscopy. The CID shown 
here has.a transparent metal oxide electrode s t r u c t u r e and 
t h e r e f o r e e x h i b i t s a higher quantum e f f i c i e n c y than CID's 
w i t h p o l y s i l i c o n electrodes. 
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The mechanisms c o n t r i b u t i n g t o the s p e c t r a l 
response of diode array detectors w i l l be discussed i n more 
d e t a i l i n the f o l l o w i n g chapter. 
1.3.2. Dark Signal 
A l l s i l i c o n devices s u f f e r from dark leakage currents 
caused by t h e r m a l l y induced e l e c t r o n - h o l e p a i r production. 
In the photodiode, the m a j o r i t y of the s i g n a l i s generated 
i n the d e p l e t i o n l a y e r region and the leakage current i s 
l a r g e l y dependent on the j u n c t i o n perimeter. Typical 
-2 
c u r r e n t d e n s i t i e s encountered are of the order of 40_^ A.cm 
at room te/mperature. The leakage current i n CCD's and CID's 
-2 
i s lower, w i t h a value of lO^A. cm or b e t t e r . The dark 
c u r r e n t decreases by a f a c t o r 2 f o r every decrease i n 
temperature of about 10° C. 
The low l i g h t l e v e l s encountered in-astronomy 
n e c e s s i t a t e long t o t a l exposure times i n order t o achieve 
a reasonable s i g n a l - t o - n o i s e r a t i o , and i t i s generally 
necessary t o reduce the dark s i g n a l by cooling i n order t o 
be able t o achieve s u i t a b l e i n t e g r a t i o n times. 
An e a r l y approach t o the problem, as used by T u l l and 
OA) 
Nather ^ w i t h Reticon diode arrays, i s t o cool the array by 
l i q u i d n i t r o g e n b o i l - o f f t o -20° to -40° C. 
Following a s t a r exposure,a second, dark, i n t e g r a t i o n i s made 
f o r an equal time, and t h i s exposure i s then subtracted from 
the f i r s t . Three problems a r i s e here. F i r s t l y , observing 
times are e f f e c t i v e l y doubled, secondly, there i s a need f o r 
extremely close c o n t r o l of the operating temperature, 
and t h i r d l y , there i s a shot noise component on the leakage 
c u r r e n t i t s e l f . A l l these problems can be removed by 
c o o l i n g t o below about -100° C, where the thermal leakage i s 
25) 
so reduced t h a t i t can be ignored completely . Cooling, 
however, causes a s l i g h t decrease i n band gap energy Eg, which 
leads t o a r e d u c t i o n i n red end response. This w i l l be t r e a t e d 
i n more d e t a i l l a t e r . 
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1.3.3. Noise 
I t i s i n the e v a l u a t i o n of noise c h a r a c t e r i s t i c s of 
s i l i c o n d e t e c t o r arrays t h a t the d i f f e r i n g ; r e q u i r e m e n t s 
of commercial video imaging and astronomy are best 
i l l u s t r a t e d . Noise sources can be categorised i n t o two 
types, s p a t i a l and temporal, also, and perhaps b e t t e r , 
known as f i x e d p a t t e r n noise and random noise r e s p e c t i v e l y . 
For the commercial video system designer, l i g h t l e v e l s 
are u s u a l l y high enough t o dominate a moderate amount of 
random noise. However, f i x e d p a t t e r n or s p a t i a l noise 
i s v i s u a l l y extremely o b j e c t i o n a b l e , r e s u l t i n g i n a s t r i p e d 
or speckled appearance on the f i n a l displayed image ^. 
The astronomer however, i s able t o spend computing time 
and e f f o r t e i t h e r o n - l i n e or i n post processing of data t o 
reduce the f i x e d p a t t e r n noise on a s i g n a l , whereas the 
random noise l e v e l determines d i r e c t l y the dynamic range 
a v a i l a b l e and consequently the exposure times required and 
the s i g n a l - t o - n o i s e r a t i o ' s achievable. 
a) Fixed P a t t e r n Noise 
Fixed p a t t e r n noise i s the term used t o describe the 
way i n which i n d i v i d u a l p i x e l s ( p i c t u r e elements) possess 
d i f f e r e n t c h a r a c t e r i s t i c s . I t i s a time i n v a r i a n t phenomenon 
and can, given s u f f i c i e n t c a l i b r a t i o n data, be "computed out" 
of the raw s i g n a l . I t has three forms, o f f s e t v a r i a t i o n , 
r e s p o n s i v i t y v a r i a t i o n and synchronous noise. 
Even f o r an array i n the dark, the output s i g n a l i s 
not i d e n t i c a l f o r a l l elements, and t h i s i s know as o f f s e t 
v a r i a t i o n . I n most types of array t h i s i s c h i e f l y due t o 
v a r i a t i o n s i n thermal leakage c u r r e n t . As described, above, 
i n some a p p l i c a t i o n s t h i s can be reduced by cooling and 
also by s u b t r a c t i o n o f "dark i n t e g r a t i o n s " . 
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I t can also be reduced by a technique known as 
27) 
c o r r e l a t e d double sampling ', o r i g i n a l l y introduced 
t o reduce reset noise (a random noise source). 
This technique measures the s i g n a l l e v e l on each 
element before and a f t e r reset during a scan. 
V a r i a t i o n s i n i n d i v i d u a l p i x e l r e s p o n s i v i t i e s 
are caused by d i f f e r e n c e s i n quantum e f f i c i e n c y and device 
geometry. Responsivity v a r i a t i o n can be corrected f o r by 
comparison w i t h an i n t e g r a t i o n on a w e l l defined source, 
such as a f l a t f i e l d exposure. 
Synchronous noise, the t h i r d form of s p a t i a l noise, 
a r i s e s from c a p a c i t a t i v e feed-through from the addressing 
c i r c u i t s , and appears i n the form of spikes on the output 
wave-form at times when the clocks change states. 
CCD imagers are much less prone t o synchronous noise 
than are diode arrays and CID's because there i s only a 
s i n g l e c l o c k e l e c t r o d e from which coupling t o the output 
gate can occur. I n diode arrays, synchronous noise can be 
28) 
minimised by s u b t r a c t i o n of successive scans 
With the exception of synchronous noise, diode arrays, 
CCD's and CID's a l l have s i m i l a r sources and l e v e l s of f i x e d 
p a t t e r n or s p a t i a l noise. As mentioned above, however, 
f o r the astronomer i t i s not the s p a t i a l noise which 
u l t i m a t e l y l i m i t s performance, but the random noise. 
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(b) Random Noise 
Noise sources i n diode arrays w i l l be discussed more 
f u l l y i n the next chapter. The noise sources of major 
i n t e r e s t when comparing arrays are the a m p l i f i e r noise 
a r i s i n g from the video l i n e capacitance, capacitor reset 
noise and dark c u r r e n t shot noise. The shot noise on the 
dark c u r r e n t i s not a s i g n i f i c a n t noise source i f the array 
i s cooled and w i l l t h e r e f o r e not be described f u r t h e r . 
The video l i n e capacitances of CID's and diode 
arrays are high (and r e l a t e d t o the number of p i x e l s ) 
because of the addressing s t r u c t u r e , and t h i s leads t o 
high l e v e l s of a m p l i f i e r noise when compared w i t h CCD's 
which have an output capacitance due t o a si n g l e element 
only. 
Capacitor reset noise i s a noise caused by the 
u n c e r t a i n t y i n the l e v e l t o which a capacitor i s recharged, 
and w i l l be described i n greater d e t a i l i n the f o l l o w i n g 
chapter i n connection w i t h diode arrays. I t occurs i n a l l 
three types o f array, but can be minimised by c o r r e l a t e d 
double sampling as mentioned above, a technique a p p l i c a b l e 
t o CCD's and CID's and, as w i l l be shown,to 
some types of diode array. 
T y p i c a l r e p o r t e d noise f i g u r e s f o r s i l i c o n imaging 
arrays show the i n h e r e n t l y higher noise l e v e l s of diode 
arrays and CID's. Order of magnitude estimates are 
1000 e l e c t r o n s f o r a photodiode array, 500 electrons f o r 
a CID and 100 e l e c t r o n s f o r CCD's. I t may be possible t o 
approach a f i g u r e of 10 el e c t r o n s f o r cooled CCD's using 
b u r i e d channel technology. The i m p l i c a t i o n s of random 
noise l e v e l s can be seen when the d e t e c t i v e quantum 
e f f i c i e n c y i s considered. 
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1.3.4. Det e c t i v e Quantum E f f i c i e n c y 
One of the most u s e f u l f i g u r e s of merit, f o r an 
astronomical d e t e c t o r i s the Detective Quantum E f f i c i e n c y 
(DQE). 
The DQE can be defined as :-
DQE = (S / N J ^ 
(S/N.)2 
where 
S/No = s i g n a l t o noise r a t i o of the output 
s i g n a l , 
and 
S/Ni = s i g n a l t o noise r a t i o of the input 
s i g n a l . 
The method of c a l c u l a t i n g the DQE i s described^in 
Appendix A. Several i n t e r e s t i n g p o i n t s a r i s e . 
( a ) Figure 1.10 shows the DQE p l o t t e d against 
t o t a l exposure f o r s i l i c o n detectors w i t h noise l e v e l s 
of 1000 e' ( r e p r e s e n t i n g a diode a r r a y ) , 500 e~ (a CID), 
100 e"(a CCD), and 10 e~which i s representative of the l i m i t 
o b tainable w i t h CCD's. The DQE i s c a l c u l a t e d at a wave-
le n g t h of 7000 A and i s compared w i t h the DQE of a photon 
counting system employing a S-20 photocathode. In a photon 
counting system the incoming photon i s converted by a 
photocathode and the r e s u l t a n t photoelectron i s accelerated 
through say 20 - 40 kV. When detected, the s i g n a l produced 
by the p h o t o e l e c t r o n i s g r e a t l y i n excess of any detector 
readout noise and "co^nsequently the DQE" apprdches the quantum 
e f f i c i e n c y of the photocathode. DQE i s l i m i t e d t o about.0.8 of RQE 
by m u l t i p l e - e v e n t s and ba c k s c a t t e r i n g of e l e c t r o n s . As can be 
seen from the ...graph, the photon counting system has a superior 
performance at l o w - l i g h t l e v e l s . At high l i g h t - l e v e l s ( o r long 
exposures) the higher quantum e f f i c i e n c y of the s i l i c o n 
d e t e c t o r dominates. 
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For a d e t e c t o r w i t h a noise l e v e l of 1000 e7 t h i s 
break p o i n t comes at an exposure of 10^ photons. I n 
Figure 1.11, t h i s "break p o i n t " exposure i s p l o t t e d as a 
f u n c t i o n of the readout noise of the detector f o r d i f f e r e n t 
wave-lengths. There i s of course no reason why a s o l i d 
s t a t e array should not be used t o detect the photoelectrons 
i n a photon counting detector, as w i l l be described l a t e r . 
The usefulness of a detector w i t h a non d e s t r u c t i v e 
readout (NDRO) f a c i l i t y can be seen i n Figure 1.12. By 
averaging successive non d e s t r u c t i v e readouts at the 
end of an exposure, the random component of readout noise 
can be reduced. The graph shows the improvement possible 
i n DQE f o r a de t e c t o r noise of 500 e" and a wave-length 
of 7000 A, f o r 5,20 and 100 samples of the s i g n a l 
Note t h a t the reduc t i o n i n noise assumes t h a t 
there i s no c o r r e l a t i o n i n random noise between samples. 
1.3.5. L i n e a r i t y and Dynamic Range 
I t appears t h a t there are no inherent sources of 
n o n - l i n e a r i t y i n the s i g n a l generation process i n e i t h e r 
diode a r r a y s , CID's or CCD's. In CCD's charge t r a n s f e r 
i n e f f i c i e n c y i s s i g n a l dependent and can cause n o n - l i n e a r i t y 
at low charge l e v e l s . The t r a n s f e r i n e f f i c i e n c y i s l a r g e l y 
due t o the existence of tr a p s and can be reduced by the use 
of a " f a t zero.". The f a t zero i s a technique by which 
s u f f i c i e n t "background" charge i s maintained i n the array 
elements t o f i l l the tr a p s even i n the absence of photosignal 
t n c n 
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S a t u r a t i o n l e v e l s are determined i n diode arrays by 
the diode capacitance and i n CCD's and CID's by the s i t e 
storage c a p a c i t y . For a photodiode of IpF capacitance biased 
7 
t o 5V, the s a t u r a t i o n l e v e l w i l l be about 3 x 10 electrons 
Coupled w i t h a noise l e v e l of 1000 electrons t h i s represents 
4 
a dynamic range of 3 x 10 . For a CCD the s a t u r a t i o n l e v e l 
i s t h a t which reduces the surface p o t e n t i a l t o zero, and f o r 
a 20^m X 20^m element t h i s can be shown t o be about 0.3 x 
10 e l e c t r o n s . Considering the lower noise l e v e l of about 
100 e l e c t r o n s , the CCD has a s i m i l a r dynamic range t o the 
diode a r r a y . 
1.3.6. Lag 
Lag i s the term used t o describe any tendency f o r an 
imager t o r e t a i n a p a r t of the image, from a proceeding frame 
or readout and superimpose i t on the current frame. 
I n diode arrays, t h i s could occur due t o incomplete 
recharge through the m u l t i p l e x i n g t r a n s i s t o r , and i n the 
CCD from charge t r a n s f e r i n e f f i c i e n c y . I n p r a c t i c a l imagers, 
such problems have g e n e r a l l y been found t o be n e g l i g i b l e , and 
the l a g i s u s u a l l y quoted as zero. With the wide dynamic range 
of exposures encountered i n astronomy even very small lag , 
l e v e l s can be a problem, f o r example, when changing t o a 
f a i n t s t a r a f t e r a c a l i b r a t i o n exposure on a b r i g h t standard 
24 
s t a r . T u l l et a l ', found f o r example t h a t because of the 
long time constant i n t h e i r p r e a m p l i f i e r feed-back loop, a 
r e s i d u a l charge of 1 % was present a f t e r recharge from s a t u r a t i o n , 
Even so, t h i s c lass of detector s u f f e r s very much less from 
l a g than most t . v . type detectors which use an e l e c t r o n beam 
f o r readout. 
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1 . 3 . 7 . Detector Geometry and S p a t i a l Resolution 
Of i n t e r e s t t o the astronomical user i s both the 
t o t a l number of p i x e l s i n a detector and the geometry 
of the I n d i v i d u a l p i x e l s . 
For the observation of extended objects such as 
g a l a x i e s , i t i s obvious t h a t area arrays are r e q u i r e d , and 
w i t h as many p i x e l s as p o s s i b l e . This d i c t a t e s the use 
of CCD's or CID's. 
I n astronomical spectroscopy, however, the image t o 
be detected i s elongated and very narrow, w i t h the 
i n f o r m a t i o n content along the long a x i s , and the l i n e a r 
diode a r r a y appears t o be eminently s u i t a b l e f o r such 
a p p l i c a t i o n s . Single l i n e CCD or CID arrays might appear t o 
o f f e r the same geometrical c h a r a c t e r i s t i c s but w i t h 
reduced noise. However, most commercially a v a i l a b l e s i n g l e 
l i n e CCD arrays have element sizes i n the region of 2 0 ^ 
X 20^m, w i t h a t r e n d towards reducing t h i s . Whereas t h i s 
gives high r e s o l u t i o n i n the d i r e c t i o n of d i s p e r s i o n , i t 
poses considerable o p t i c a l and mechanical problems of 
accurate alignment of the image onto the array. Diode arrays 
are now becoming a v a i l a b l e w i t h more s u i t a b l e element 
geometries, such as the ;Reticon "H' s e r i e s w i t h a c e n t r e - t o -
centre diode spacing of 1 5 ^ r j . and a diode width of 3 0 0 y j u n . 
The s p a t i a l r e s o l u t i o n of s i l i c o n detector arrays i s 
approximately the geometrical size of the element at short 
wave-lengths where the absorption depth i s small. At longer 
wave-lengths the c a r r i e r s generated deep i n the substrate 
can e a s i l y d i f f u s e t o adjacent elements, thus 
i n t r o d u c i n g c r o s s t a l k between elements. Studies have r e c e n t l y 
been made at Hewlett Packard ^ i n t o reducing t h i s 
c r o s s t a l k by i n c o r p o r a t i n g subsurface e l e c t r i c f i e l d s t h a t 
a c c e l e r a t e the c a r r i e r s towards or away from the surface, thus 
m i n i m i s i n g the chances of c o l l e c t i o n by a neighbouring s i t e . 
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So f a r the discussion of the a p p l i c a t i o n of 
these s i l i c o n d e t e c t o r s has been r e s t r i c t e d t o use 
i n a l i g h t i n t e g r a t i n g mode. There i s a second, very 
powerful technique of imaging u s e f u l p a r t i c u l a r l y at low 
l i g h t l e v e l s , known as image i n t e n s i f i c a t i o n . Image 
i n t e n s i f i e r s alone are not s t r i c t l y detectors, but can 
be combined w i t h a v a r i e t y of o p t i c a l and e l e c t r o n 
d e t e c t o r s . 
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1.4. The Use of S o l i d State Arrays f o r 
I n t e n s i f i e d Imaging 
The concept of the i n t e n s i f i e d detector has been 
i n existence f o r a long time and has been applied t o most 
forms of d e t e c t o r from the eye upwards. 
Two modes of i n t e n s i f i c a t i o n are possible. The 
f i r s t r e t a i n s the p r i n c i p l e of d e t e c t i n g photons and 
uses an image i n t e n s i f i e r comprising an input 
photocathode, an a m p l i f y i n g tube and an output phosphor. 
A conventional detector records the l i g h t pulses from the 
output phosphor. Variants include devices w i t h f i b r e 
o p t i c i n p u t and output windows t o f a c i l i t a t e cascading 
of tubes, and image tubes w i t h various magnetic and 
e l e c t r o s t a t i c focussing schemes. Detectors employed t o 
record the l i g h t output range from photograjKc p l a t e s 
t o t e l e v i s i o n type sensors. The p r i n c i p l e shortcoming of 
such systems i s the degradation introduced by the output 
phosphor and i t s coupling lens or f i b r e o p t i c window. 
I n the electronographic type of i n t e n s i f i e r the 
output phosphor i s e l i m i n a t e d and the detector i s located 
e i t h e r i n s i d e the image tube or behind a t h i n , u s u a l l y 
mica window. The detector records d i r e c t l y the impact of 
the p h o t o e l e c t r o n which t y p i c a l l y has an energy of 20 - 40 KeV 
a f t e r a c c e l e r a t i o n . When used w i t h a photographic emulsion 
t h i s has an added advantage, i n t h a t when used i n t h i s fashion 
the emulsion has very much improved l i n e a r i t y and dynamic range, 
30) 
and does not s u f f e r r e c i p r o c i t y f a i l u r e 
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S i l i c o n detectors are a t t r a c t i v e f o r use i n such a 
mode since high energy e l e c t r o n s i n c i d e n t on a s i l i c o n 
d e t e c t o r w i l l l i b e r a t e one elec t r o n - h o l e p a i r f o r every 
3.6 eV of energy l o s t . Thus a s i n g l e 20 KeV e l e c t r o n 
stopping i n an array w i l l generate a s i g n a l of about 
6000 e l e c t r o n s , which i s i n excess of the readout noise 
of v i r t u a l l y a l l s i l i c o n array d e t e c t o r s . Before the 
advent of s e l f scanned arrays such as diode arrays, CCD's 
and CID's, " d i g i t a l image tubes" employing s i l i c o n diode 
readout had been constructed. These tubes, known as 
31) 
Digicons ' have a leadout from each diode and the 
e x t e r n a l e l e c t r o n i c s consists of one channel of d i s c r i m i n a t o r 
and s c a l e r f o r each diode, w i t h sequential readout of the 
sca l e r s by computer. Digicons w i t h greater than 200 elements 
have been manufactured. With the development of s e l f scanned 
arrays, t he p o s s i b i l i t y of i n c o r p o r a t i n g these i n t o a 
d i g i c o n was r e a l i s e d . Such " s e l f scanned digicons" .have 
been manufactured by E l e c t r o n i c V i s i o n Corporation using 
diode arrays (Reticon 1024 element l i n e a r devices) and 
100 X 100 element F a i r c h i l d CCD's?^) 
Two modes of operation are ap p l i c a b l e when such 
d e t e c t o r s are used i n the i n t e n s i f i e d mode. Photon 
counting can.be achieved by simple d i s c r i m i n a t i o n of the 
output s i g n a l (photon/no photon). Some r e s o l u t i o n of 
m u l t i p l e photon events i s achievable w i t h m u l t i l e v e l 
d i s c r i m i n a t i o n . The count r a t e per channel, w i l l be l i m i t e d 
by the scanning r a t e . A l t e r n a t i v e l y , the charge can be 
i n t e g r a t e d on the diode and an analog measurement made o f 
the t o t a l charge c o l l e c t e d i n each channel.. Systems employing 
Reticon based Digicons operated i n t h i s fashion have reached 
w i t h i n 15% of shot noise l i m i t e d performance, i . e . 
DQE 0.75 RQE^^\ 
- 2 6 — 
Problems have been encountered w i t h r a d i a t i o n 
damage when using digicons, which has the 
e f f e c t of i n c r e a s i n g the dark c u r r e n t . This has been 
minimised w i t h diode arrays by p r o t e c t i v e l y masking the 
scanning c i r c u i t s , but t h i s i s not possible w i t h CCD's, 
7 
which can have a l i f e expectancy of as l i t t l e as 10 
34) 
electrons/element. . . Damage mechanisms are complex 
and s t i l l under i n v e s t i g a t i o n , but i t has been shown 
t h a t under some circumstances damage can be reversed 
by an annealing process i n v o l v i n g bombardment w i t h 
35 ^  
low energy e l e c t r o n s . '^I t i s also hoped t h a t backside 
i l l u m i n a t e d CCD's w i l l be more robust, since i t appears 
t o be the Si-SiOg i n t e r f a c e at the top surface t h a t 
i s most s u s c e p t i b l e t o damage. 
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1.5. Summary 
I t has been shown t h a t three types of s e l f 
scanned s i l i c o n imager have emerged from the many 
p r o j e c t s f o l l o w e d i n the l a t e 1960's and e a r l y 70's, 
namely the MOS diode array, the charge coupled device 
and the charge i n j e c t i o n device. They have the 
advantages over other e x i s t i n g detectors of higher 
quantum e f f i c i e n c y , absolute geometrical s t a b i l i t y , 
zero l a g and good l i n e a r i t y . They are e s p e c i a l l y 
u s e f u l i n the near i n f r a - r e d region where most 
photocathodes have reached t h e i r l i m i t of usefulness. 
When used i n the d i r e c t mode they are unable 
t o compete w i t h photon counting systems at very low 
l i g h t l e v e l s , but at moderate and high l e v e l s t h e i r 
high quantum e f f i c i e n c y makes them a t t r a c t i v e , 
e s p e c i a l l y at near i n f r a - r e d wave-lengths. 
The importance of reducing readout noise has been 
seen, and two techniques employed t o reduce t h i s have 
been mentioned, namely c o r r e l a t e d double sampling and 
non d e s t r u c t i v e readout. Neither technique i s applicable 
t o c o n v e n t i o n a l MOS arrays of the Reticon type. 
This t h e s i s describes the development of a novel 
diode a r r a y i n c o r p o r a t i n g both these techniques and 
also on-chip pre a m p l i f i c a t i o n . 
I t i s necessary t o consider i n more d e t a i l the 
p r i n c i p l e s behind diode array operation. 
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CHAPTER TWO 
A Study of Linear MOS Photodiode Arrays 
The o p e r a t i o n a l c h a r a c t e r i s t i c s of an MOS 
photodiode array can l a r g e l y be separated i n t o those 
r e l a t i n g t o s i g n a l generation and those concerned 
w i t h readout of the stored charge, and these w i l l be 
t r e a t e d i n t u r n . I t w i l l be seen t h a t i n f a c t the 
mode of readout can s i g n i f i c a n t l y a f f e c t the s i g n a l 
generating process, and the e f f e c t on o v e r a l l 
performance w i l l be shown. . The influences of these 
c h a r a c t e r i s t i c s on the development of diode arrays 
w i l l be discussed. 
2.1. S i g n a l Generation 
A l l photodiode array detectors of the type 
described here are based around a reverse biased 
p-n photodiode. For the purpose of t h i s discussion 
i t w i l l be assumed t h a t the diode i s a p^ type 
d i f f u s i o n i n an n-type substrate, which i s u s u a l l y 
the case. 
The s i g n a l i n a photodiode of t h i s type has two 
o r i g i n s . There i s a photocurrent, generated by 
l i g h t i n c i d e n t on the diode, and a thermal leakage 
c u r r e n t . Both have the same sign and are "leakage" 
c u r r e n t s which tend t o discharge the j u n c t i o n 
capacitance of the reverse biased diode. The 
c h a r a c t e r i s t i c s of these two components w i l l be described 
as a functon of. the p h y s i c a l p r o p e r t i e s of the j u n c t i o n , 
the i n t e n s i t y and wave-length of the i n c i d e n t l i g h t , the 
reverse b i a s voltage applied t o the diode and the operating 
temperature. 
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2,1.1. Photocurrent and Quantum E f f i c i e n c y 
I f a photon of s u f f i c i e n t energy i s in c i d e n t on 
s i l i c o n , i t i s absorbed and the energy i s given up to 
e x c i t e an e l e c t r o n from the valency band into the 
conduction band. Excess energy and momentum appear 
i n the form of a phonon. Such e x c i t a t i o n can al s o be 
achieved thermally. The o p t i c a l absorption and sub-
sequent production of a photon are shown i n Figure 
2.1. When i n the conduction band, the e l e c t r o n and 
the a s s o c i a t e d hole are f r e e to co n t r i b u t e to the 
c o n d u c t i v i t y of the m a t e r i a l . The e l e c t r o n w i l l 
e v e n t u a l l y recombine with a hole i n the valency band. 
Only i n c i d e n t photons with an energy greater 
than E the band gap energy, are capable of causing 
S' 
such t r a n s i t i o n s . Photons with an energy < E 
w i l l not be absorbed. For s i l i c o n at room temperature 
E = 1 . 0 9 eV, which corresponds to a photon wkve-
length of 1.1 ^m. 
I n a r e v e r s e biased diode, the photocurrent i s 
generated by the d i f f u s i o n of the minority c a r r i e r s 
towards and a c r o s s the j u n c t i o n . I n a t y p i c a l photodiode 
the j u n c t i o n depth i s 1-2 ^ m. The depth at which the 
photon i s absorbed i s wave-length dependent. 
Consider an i n c i d e n t photon r a t e F^ entering the 
s u r f a c e of the s i l i c o n . The d e n s i t y of e l e c t r o n hole p a i r s 
c r e a t e d at a depth x i s :-
Zip = F^ o4exp (-(Xx) (2.1) 
fo r n-type m a t e r i a l , where 
Z\p = concentration of excess holes 
and = absorption c o - e f f i c i e n t . 
C O N D U C T I O N B A N D 
\ V A L E N C Y B A N D 
F I G 2.1 O P T I C A L A B S O R P T I O N I N A S E M I C O N D U C T O R 
( A ^ ) E X C I T A T I O N O F E L E C T R O N T O C O N D U C T I O N B A N D 
(b) E X C E S S E N E R G V R E L E A S E D TO L A T T I C E 
A S A PHONON 
( C ) R E C O M B I N A . T I O N 
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The absorption c o - e f f i c i e n t of s i l i c o n i s shown 
as a f u n c t i o n of wave-length i n Figure 2.2. for room 
temperature (300°K) and l i q u i d nitrogen temperature 
(77°K) I n the region of i n t e r e s t , 'the absorption 
depth (l/o() v a r i e s from about 0.1 ^ at wave-lengths 
of 0.4 ^m to 96 ^m at a wave-length of 1.0 ^m at 
room temperature. Thus c a r r i e r s are generated throughout 
the depth of the diode, i n the bulk of the s u b s t r a t e 
at long wave-lengths, i n the depletion l a y e r f o r 
i n t e r m e d i a t e wave-lengths, and i n the p^ d i f f u s i o n 
at s h o r t e r wave-lengths. The three components of the 
photocurrent t h a t correspond to the absorption i n these 
r e g i o n s can be t r e a t e d s e p a r a t e l y . 
I t i s convenient to t r e a t the photocurrent as 
being the sura of the i n d i v i d u a l photocurrent contributions 
from these three regions. Thus :-
'^ T " "^dep "^sub "^ p^ -
where i s the t o t a l photocurrent density, 
'J(jep c o n t r i b u t i o n from the c a r r i e r s generated 
i n the d e p l e t i o n region, 
"^sub ^^^^ those generated i n the s u b s t r a t e and 
J p ^ from those generated i n the p+ type d i f f u s i o n . 
Also, the photocurrent can be r e l a t e d to the quantum 
e f f i c i e n c y by :-
^T = ^^o^. 
where q i s the e l e c t r o n i c charge 
i s the quantum e f f i c i e n c y 
,and i s the i n c i d e n t photon r a t e 
The c o n t r i b u t i o n from the three absorption regions 
can be expressed as quantum e f f i c i e n c y components, thus :-
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J T = (nrvdep ^ n s u b ^ n p . ) (2.2) 
T h i s i s the most convenient form i n which to 
work, s i n c e the p r o p e r t i e s of the three regions can 
be d e s c r i b e d independently of v a r i a b l e s such as F^, the 
i n c i d e n t photon r a t e . 
2) 
The d e r i v a t i o n s ^ of the quantum e f f i c i e n c y 
components are lengthy and w i l l not be included here. 
The e x p r e s s i o n s w i l l be quoted, and the p h y s i c a l 
s i g n i f i c a n c e of the v a r i o u s terms w i l l be described. 
( a ) The component of quantum e f f i c i e n c y from the 
d e p l e t i o n l a y e r i s given by :-
^ d e p " (®^P ("'^'^jp^ " ^^P^-*^^)) (2.1 ( a ) ) 
where x. = depth of depletion l a y e r edge in p-type 
m a t e r i a l (see Figure 2.3.) 
d = d e p l e t i o n l a y e r width 
( = X . - X . ) j n j p ^ 
I t i s i n t e r e s t i n g to note that t h i s expression 
c o n t a i n s absorption terms only, and no terms representing 
the recombination of c a r r i e r s . The e l e c t r o s t a t i c f i e l d s 
i n s i d e the r e v e r s e b i a s e d depletion l a y e r are so high 
t h a t any c a r r i e r s generated t h e r e i n are r a p i d l y d r i f t e d 
out in. a time very much l e s s than the c a r r i e r l i f e time, 
and thus recombination i s n e g l i g i b l e . 
(by For the n-type s u b s t r a t e , the:component of quantum 
e f f i c i e n c y i s given by :-
3 C j O 
acjn 
' / / / / 
DCPuETtOM REGVOKI 
S L 0 2 
Q E O M E M \ C J U N C T I O N D E P T H 
B S T R A T E 
F I G O N E D I M E N S I O N A L 
P + - N P H O T O D I O D E 
U sub 
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( 2 . 3 ( b ) ) 
2 " exp(-o(L) - exp(-oCx^^) cosh(L-Xjj^) / Lp 
o(exp(-o(x ) + 
J " Lp s i n h ( ( L - X j n ) / Lp) 
where Lp = d i f f u s i o n ,length of holes i n the n-type m a t e r i a l 
L = t o t a l depth of s u b s t r a t e ( s e e Figure 2.3.) 
For an i n f i n i t e l y deep s u b s t r a t e ( i . e . as L-*^  «o) 
t h i s component becomes pr o p o r t i o n a l to Lp at longer 
wave-lengths. The p h y s i c a l s i g n i f i c a n c e of t h i s i s that 
only c a r r i e r s which are generated w i t h i n about one d i f f u s i o n 
l e n g t h of the depletion l a y e r boundary contribute to the 
photocurrent. Thus for good red response, high l i f e t i m e 
( i . e . l a r g e d i f f u s i o n length) s i l i c o n i s e s s e n t i a l . 
( c ) For the p^ d i f f u s e d region, s u r f a c e recombination 
becomes s i g n i f i c a n t and l i m i t s the quantum e f f i c i e n c y at 
the blue end, as c a r r i e r s generated near the surface recombine 
before they can d i f f u s e to the j u n c t i o n . ' The p a r t i a l quantum 




oiexp ( - o ( X j p ) -
(2.3 ( c ) ) 
1 L^ (s+D^) - exp(-o(x.p) ( s L ^ cosh(x.p/L^) + sinhjx.^/L^)) 
r s L^ s i n h ( x . p / L ^ ) + cosh(x.p/L^) 
where L i s the d i f f u s i o n length f o r e l e c t r o n s n 
s i s the s u r f a c e recombination v e l o c i t y 
and D i s the d i f f u s i o n c o - e f f i c i e n t for e l e c t r o n s n 
The boundary depths x^p and x^^ are a function of the 
r e v e r s e b i a s voltage a p p l i e d to the j u n c t i o n and can be 
expressed as 
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' ' jp = '^jo - " ' c ' "d (2.4 ( a ) ) 
q " a ("a * V 
f o r the boundary i n the p ^ . d i f f u s e d region, and 
X . = x . ^ ^ € ( V c ^ V) \ ( 2 . 4 ( b ) ) 
j n JO —^ 
q (N^ + N^) 
f o r the boundary i n the n-type s u b s t r a t e , where 
X . = p h y s i c a l j u n c t i o n depth 
£ = p e r m i t t i v i t y of s i l i c o n 
V = equilibrium contact p o t e n t i a l c 
V = r e v e r s e b i a s p o t e n t i a l 
N = acceptor de n s i t y 
N(j = donor d e n s i t y 
F i g u r e 2.4. shows the p a r t i a l and t o t a l quantum 
e f f i c i e n c e s c a l c u l a t e d from the above, for a t y p i c a l 
p-n j u n c t i o n with a j u n c t i o n depth of 1.5 ^m, a s u b s t r a t e 
t h i c k n e s s of 200 jm and a r e v e r s e bias- p o t e n t i a l of lOV. 
Other parameters used i n the c a l c u l a t i o n s are l i s t e d i n 
the f i g u r e . 
. For any given p-n j u n c t i o n , two e x t e r n a l v a r i a b l e s 
w i l l a f f e c t the photoresponse curve, these being b i a s 
v o l t a g e and temperature. 
As the r e v e r s e bias,changes, i t i s apparent from 
Equations (2.4.) that the boundary depths w i l l vary with 
r e v e r s e b i a s p o t e n t i a l . I t i s a l s o apparent that the 
changes w i l l be g r e a t e r i n s i d e the m a t e r i a l with the lower 
doping d e n s i t y , i n t h i s case the n-type s u b s t r a t e . Thus 
as the b i a s v o l t a g e i n c r e a s e s , the depletion region extends 
f u r t h e r i n t o the s u b s t r a t e , boosting the p a r t i a l quantum 
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How s i g n i f i c a n t t h i s i n c r e a s e w i l l be to the 
o v e r a l l response depends upon the parameters of 
the p a r t i c u l a r device. For example, the red response 
of the j u n c t i o n of Fi g u r e 2.4. i s s t r o n g l y dominated 
by the s u b s t r a t e c o n t r i b u t i o n and w i l l not be g r o s s l y 
a f f e c t e d . 
Of course, some extension of the depletion region 
i n t o the p^ d i f f u s i o n w i l l a l s o occur at higher voltages. 
4) 
Geary has suggested that t h i s w i l l improve the blue 
response, but such an e f f e c t has not yet been reported. 
Temperature changes have a s i g n i f i c a n t e f f e c t on response, 
e s p e c i a l l y at the red end of the spectrum. 
As temperature i s reduced, the mean free path of 
lower energy photons i n c r e a s e s d r a m a t i c a l l y , and the band 
gap energy E i n c r e a s e s . There i s a twofold e f f e c t at 
low temperatures. F i r s t l y , low energy (red) photons w i l l be 
absorbed deeper i n the s u b s t r a t e than before, and w i l l have 
l e s s chance of d i f f u s i n g to the depletion l a y e r without 
recombination, lowering the p a r t i a l quantum e f f i c i e n c y 
of the s u b s t r a t e at the red end. Furthermore, because of 
the i n c r e a s e d band gap energy, the cut o f f wave-length i s 
a l s o reduced. The v a r i a t i o n i n band gap energy with 
temperature i s shown i n Figure 2.5 At room temperature 
(3 00°K) cut o f f wave-^length for s i l i c o n i s 1.11 ^m, and 
reduces to 1.07jjja at 77°K. 
The decrease i n red end response at low temperature 
has been measured by Vogt ©t a l ^ ^ f o r a Reticon diode array, 
and the r e s u l t s are shown i n Fi g u r e 2.6. 
E 9 , ( e v ) 
ioo aoo 300 400 
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So f a r , the c a l c u l a t i o n of photocurrent has 
been based on the i n c i d e n t photon r a t e e n t e r i n g the 
s u r f a c e of the s i l i c o n . The way i n which t h i s i s 
r e l a t e d to the i n c i d e n t f l u x on the detector i s 
modified by r e f l e c t i o n and i n t e r f e r e n c e at the 
s u r f a c e . 
The r e f r a c t i v e index of s i l i c o n i s approximately 
3.9 and the r e f l e c t i o n c o - e f f i c i e n t R at the sur f a c e 
7 ) . can be c a l c u l a t e d from 
-T 2 
R = n_. n . S i - a i r 
no - , n . S i + a i r 
(2.5) 
T h i s g i v e s a c o - e f f i c i e n t of R = 0.35 
I f the presence of the t h i n (/^ Sjrni) s i l i c o n 
d i o x i de s u r f a c e l a y e r i s considered, the s i t u a t i o n i s 
improved s l i g h t l y . 
S i l i c o n dioxide has a r e f r a c t i v e index of 1.45, 
which g i v e s r e f l e c t i o n c o - e f f i c i e n t s of 0.034 and 0.21 
at the Air-SiOg and SiOg-Si i n t e r f a c e s r e s p e c t i v e l y . 
Thus only about 80% of i n c i d e n t l i g h t i s expected to 
en t e r the s u r f a c e of the s i l i c o n . T h i s agrees with the 
peak quantum e f f i c i e n c e s of about 0.8 observed i n Figure 
1.1 . 
The t h i c k n e s s of the s u b s t r a t e ( s e v e r a l hundred 
microns) used i n diode a r r a y s e l i m i n a t e s the problems of 
i n t e r f e r e n c e i n the s u b s t r a t e which have been encountered 
w i t h s i l i c o n t a r g e t s i n electron-beam addressed tubes. 
However, the s i l i c o n dioxide s u r f a c e l a y e r i s t y p i c a l l y 
a few microns t h i c k , and i t i s p o s s i b l e for i n t e r f e r e n c e 
to occur between i n c i d e n t l i g h t and l i g h t r e f l e c t e d from 
the S i 0 2 - S i boundary. Such i n t e r f e r e n c e e f f e c t s are 
v i s i b l e as modulations of the quantum e f f i c i e n c y i n 
F i g u r e 1.9. 
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2.1,2. Thermal Leakage Current 
In c l a s s i c a l p-n j u n c t i o n theory, i t i s assumed 
that thermally generated c a r r i e r s c o n t r i b u t e to the leakage 
c u r r e n t i f they are generated w i t h i n one d i f f u s i o n length 
of the depletion l a y e r boundary. The width of the depletion 
region,d, i s u s u a l l y small i n comparison with the d i f f u s i o n 
length and thus c a r r i e r generation i s n e g l i g i b l e i n s i d e t h i s 
region. Thus the leakage c u r r e n t would be l a r g e l y independent 
of b i a s voltage. 
The above treatment assumes that a l l e l e c t r o n - h o l e 
p a i r generation i s due to t r a n s i t i o n s from the valency band 
to the conduction band. However, i n the depletion region, 
the s c a r c i t y of f r e e c a r r i e r s can lead to a net generation of , 
c a r r i e r s from recombination c e n t r e s . 
Normally, the emission of c a r r i e r s from a recombination 
centre i s balanced by corresponding capture processes, but 
i n the r e v e r s e b i a s e d d e p l e t i o n region the l a c k of f r e e 
c a r r i e r s , and the speed with which generated c a r r i e r s are 
swept out, i n h i b i t the recombination process. Generation 
from such c e n t r e s i s most s i g n i f i c a n t i n m a t e r i a l s with a 
l a r g e energy gap, such as s i l i c o n , f o r which band-to-band 
t r a n s i t i o n s are r a r e . Narrow gap m a t e r i a l s such as germanium 
however, follow the c l a s s i c a l theory c l o s e l y . 
The i m p l i c a t i o n of t h i s i s that for s i l i c o n diodes, the 
leakage c u r r e n t i s dependent on the width of the depletion 
l a y e r (and thus on the b i a s v o l t a g e ) , and a l s o on the number 
of t r a c e element i m p u r i t i e s and l a t t i c e d e f e c t s . 
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I t has been found that three geometric p r o p e r t i e s of 
the diode contribute to the leakage c u r r e n t , these being :-
( a ) diode area 
(b) diode periphery 
( c ) number of corners 
Table 2 . 1 . shows the leakage c u r r e n t s measured by 
ON 
Chamberlain ' f o r a 1.4 ^m deep p-type d i f f u s i o n . He found 
that the p e r i p h e r a l leakage c u r r e n t s can be reduced by 
covering the j u n c t i o n with an aluminium r i n g e l e c t r i c a l l y 
connected to the p region. The optimum diode geometry for 
minimum leakage c u r r e n t has the fewest corners and l e a s t 
p e riphery for a given area, that i s , c i r c u l a r . T h i s c o n f l i c t s 
with packing d e n s i t y and imaging geometry requirements, so 
r e c t a n g u l a r diodes with rounded corners are u s u a l l y p r e f e r r e d . 
Because leakage i s predominantly a depletion l a y e r 
e f f e c t , i t w i l l have some voltage dependence. The exact . 
behaviour i s complex but the e m p i r i c a l formula of Equ, 2 . 6 . 
8) 
below has been found by Chamberlain ' to hold for b i a s 
voltages between 5V and 2 5 V . 
J L ( V ) = J L O ' - 0 - ° ^ ( V ^ ) ) ( 2 . 6 ) 
where '^L(V) ^ leakage c u r r e n t d e n s i t y at a reverse b i a s V 
V = r e v e r s e b i a s 
= voltage to which the diode i s i n i t i a l l y charged 
and J , = leakage c u r r e n t d e n s i t y at V = V 
LiO O 
The dependence of the leakage c u r r e n t on temperature 
i s a l s o r a t h e r complex. The simple theory p r e d i c t s the leakage 
c u r r e n t to be p r o p o r t i o n a l to the square of the thermally 
generated e q u i l i b r i u m charge d e n s i t y f o r j.ntri;nsic s i l i c o n . 
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Now 




(m m ) exp(-E /2kT) 
where n^ = e l e c t r o n d e n s i t y i n i n t r i n s i c semiconductor 
p^ = hole d e n s i t y i n i n t r i n s i c semiconductor 
m = e f f e c t i v e mass of e l e c t r o n e 
"^ p = e f f e c t i v e mass of hole 
and thus we p r e d i c t a leakage current d e n s i t y of the form 
J L ( T ) " const. T^ exp (-Eg/kT) ( 2 . 8 ) 
4) 
Geary ' suggests that t h i s r e l a t i o n s h i p holds only 
at high temperatures, and that at room temperature and below 
t h i s i s dominated by s u r f a c e leakage and by charge generation 
i n the d e p l e t i o n region. He suggests an e m p i r i c a l r e l a t i o n s h i p 
of the form. 
T - T 2 (T-T )/o< 
'^L(T) - '^L(T^)'' ° (2.9) 
where •^L(T) leakage current at temperature T 
and (k i s an e m p i r i c a l constant g e n e r a l l y between 6° and 10° C. 
F i g u r e 2.7. shows the leakage c u r r e n t s of a number of 
a c t u a l d e v i c e s as a f u n c t i o n of temperature,as reported by 
Chamberlain ^ , Vogt et a l , L i v i n g s t o n et a l ', and 
Campbell . I n order to enable a d i r e c t comparison between 
de v i c e s of d i f f e r e n t areas, a l l c u r r e n t s have been quoted i n 
terms of c a r r i e r s / s / c m . I t i s i n t e r e s t i n g to note how these 
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Chamberlain quotes h i s data as f i t t i n g a 
r e l a t i o n s h i p of the type of Equ (2.9.) w i t h a value of 
o(= 10 C. He u n f o r t u n a t e l y does not p u b l i s h i n d i v i d u a l 
data p o i n t s , and so i t i s not poss i b l e t o see how c l o s e l y 
h i s o r i g i n a l data f i t s t h i s r e l a t i o n s h i p . 
L i v i n g s t o n ' s data i s also a good s t r a i g h t l i n e f i t , 
i n d i c a t i n g a r e l a t i o n s h i p of the type of Equ ( 2 . 9 . ) , but 
w i t h a value of d= 7°C. 
However, the data from Vogt et a l , and from Campbell, 
do not conv i n c i n g l y f i t t o a s t r a i g h t l i n e . The s o l i d l i n e s 
drawn through these sets of p o i n t s are curves obeying the 
" c l a s s i c a l " leakage current law of Equ ( 2 . 8 . ) . 
A possible explanation f o r these discrepancies i s 
suggested by the f a c t t h a t i t i s the devices w i t h lower 
leakage currents t h a t seem t o behave according t o the 
" c l a s s i c a l " theory. This may be because i n these low 
leakage devices, surface leakage c u r r e n t s have been 
reduced by improved process technology, and are no longer 
dominant. 
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2.2. Signal Sampling Techniques 
When operating a reverse biased p-n photodiode 
i n the i n t e g r a t i n g mode, the diode i s i n i t i a l l y biased 
t o a voltage V^, and i s then open c i r c u i t e d . The photo-
c u r r e n t s and leakage c u r r e n t s as described i n Section 2.1 
w i l l then decrease the charge stored on the de p l e t i o n 
l a y e r capacitance. 
I t i s then necessary t o measure e i t h e r the charge 
l o s t or the charge remaining a f t e r a s u i t a b l e i n t e g r a t i o n 
p e r i o d . There are two ways of doing t h i s . The f i r s t i s 
to r e - b i a s the diode t o i t s i n i t i a l p o t e n t i a l through 
a s u i t a b l e switch, and t o i n t e g r a t e the current f l o w i n g 
through the switch during t h i s recharge operation, thus .•-
o b t a i n i n g a measure of the charge l o s t during the i n t e g r a t i o n 
i n t e r v a l . This technique i s known as recharge or current 
sampling. The a l t e r n a t i v e i s t o measure the open c i r c u i t 
v o ltage on the diode, u s u a l l y v i a a high impedance 
a m p l i f i e r . This determines the charge remaining on the 
j u n c t i o n capacitance, and i s c a l l e d voltage sampling. 
2.2.1. Recharge Sampling 
This i s the simplest mode of operation i n terms of 
element complexity. Various types of switching device have 
been employed i n c l u d i n g diodes, but the MOS t r a n s i s t o r 
i s now more popular. The c i r c u i t , s t r u c t u r e and operating 
cycle of a simple element are shown i n Figure 2.8. The reset 
pulse gates the MOS t r a n s i s t o r "on",reverse b i a s i n g the diode 
t o Vpp, the supply voltage, and at the t r a i l i n g edge of the 
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The time i n t e r v a l u n t i l the next reset pulse i s 
c a l l e d the i n t e g r a t i o n p e r i o d . During t h i s time the 
j u n c t i o n i s discharged by a combination of leakage 
c u r r e n t s and photocurrents. At the next reset pulse, 
c u r r e n t flows through the MOS t r a n s i s t o r t o recharge the 
j u n c t i o n t o Vj-^ ^^ . Thus by i n t e g r a t i n g the current i n the 
supply l i n e during the reset pulse, the charge l o s t during 
the i n t e g r a t i o n p e r i o d can be measured. Note t h a t the 
"video" l i n e here i s also the supply r a i l . 
The charge " l o s t " during the i n t e g r a t i o n (the s i g n a l 
charge) i s given by. 
( J + J, , A.dt 
p L) (2.10) 
Where Q •= s i g n a l charge. 
= photocurreint d e n s i t y 
leakage current d e n s i t y 
photodiode j u n c t i o n area 
i = i n t e g r a t i o n time 
The s i g n a l charge i s i n h e r e n t l y l i n e a r w i t h respect t o 
discharge c u r r e n t . However, the diode bias voltage v a r i e s 
according t o the remaining charge. Equation 2.6 shows t h a t 
the leakage current i s t h e r e f o r e dependent on the i n t e g r a t e d 
s i g n a l and t h a t i t s value w i l l change duri n g an exposure. 
Equations 2.3 (a) - ( c ) d e s c r i b i n g the photocurrent c o n t r i b u t i o n s 
from the t h r e e regions of the diode also show a dependence on 
the depths of the d e p l e t i o n l a y e r edges, and thus the 
quantum e f f i c i e n c y w i l l vary d u r i n g the exposure. 
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The s a t u r a t i o n l e v e l of the recharge sampling 
element i s reached when the diode i s completely discharged, 
and i s t h e r e f o r e given by :-
Qg(max) = .dV (2.11) 
where = diode j u n c t i o n capacitance 
Assuming a t y p i c a l mean j u n c t i o n capacitance of 
3 -2 
4 10 pF cm , the stored charge f o r a diode of area 
25 ^m X 25 w i t h an i n i t i a l bias of lOV would be 0.25 pC, 
and thus the s a t u r a t i o n would correpond t o about 1.6 .10^ 
e l e c t r o n / h o l e p a i r s . 
Note from the above and from Equation (2.10) t h a t 
both the s e n s i t i v i t y and s a t u r a t i o n l e v e l of a recharge 
sampled element are p r o p o r t i o n a l t o diode area. 
2.2.2. Voltage Sampling 
The c i r c u i t diagram of a simple voltage sampling 
element i s shown i n Figure 2.9 ( a ) . The t r a n s i s t o r T l 
performs the same recharge f u n c t i o n as i n the recharge 
sampling array. However, the output s i g n a l i s derived from 
the diode bias p o t e n t i a l at the gate of the source f o l l o w e r 
stage T2. T3 i s a m u l t i p l e x i n g t r a n s i s t o r which gates 
the output of the source f o l l o w e r onto the video l i n e when 
enabled by a scan pulse. The operating cycle i s i l l u s t r a t e d 
i n Figure 2.9 ( b ) . One immediate c o n t r a s t w i t h recharge 
sampling i s evident..in t h a t the output from a voltage sampled 
element i s i n the form of a dc l e v e l , r a t h e r than the t r a n s i e n t 
output associated w i t h recharge elements. 
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The analogous equation t o equation (2.10), d e s c r i b i n g 
the output voltage as a f u n c t i o n of photocurrents and 
leakage c u r r e n t , can be derived t o various l e v e l s of complexity, 
By assuming t h a t the diode capacitance i s voltage 
independent, and t h a t the gate capacitance of the source 
f o l l o w e r T2 i s n e g l i g i b l e , we can describe the r a t e of change 
of voltage across the diode by :-
dV _ dQ 
'D dt dt 
(Jp . J^) A (2.12) 
I n t e g r a t i n g the above we obtain :-
PV 
dV 
r t . 
(J„ + J, ) A. dt 
0 
and hence 




(Jp dt (2.13) 
The capacitance of the j u n c t i o n can be expressed as 
C = 6A 
P d~ 
Where d = d e p l e t i o n l a y e r width 
£. = p e r m i t t i v i t y of s i l i c o n 
This removes the area dependance and Equation 2.13 becomes 
V = V ( t ) D^D 
r t 
1 - ( J + J,) .dt P ^ 
(2.14) 
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Non l i n e a r i t y i s introduced i n t o t h i s response 
f u n c t i o n because o f the voltage dependence of the dep l e t i o n 
l a y e r w i d t h . 
This voltage dependence can be seen from Equations 
2.4 (a) and ( b ) . By assuming t h a t the doping density i s 
very much higher i n the p^ region than i n the substrate, 
then the movement of the d e p l e t i o n layer i n t o t h i s region 
can be neglected and from Equations (2.4) the d e p l e t i o n 
l a y e r w i d t h can now be expressed as :-
d = 2e ( v ^ + V) 
I T 
This expression i s v a l i d only f o r an abrupt j u n c t i o n 
13) 
An approximate general expression i s 
d = k (2.15) 
where k = a constant i n c o r p o r a t i o n some j u n c t i o n parameters 
p = i f o r an abrupt j u n c t i o n 
= 1/3 f o r a l i n e a r l y graded j u n c t i o n 
This assumes t h a t V i s s i g n i f i c a n t l y l a r g e r than 
the contact p o t e n t i a l V ( % 0 . 6 v ) . 
c 
The diode capacitance now becomes :-
-P 
S u b s t i t u t i n g t h i s i n t o Equation (2.12) and i n t e g r a t i n g , 
we o b t a i n :-
r t 
( J + J, ) A.dt = P ^ A£V 
-P .dV 
V, o 
k ( l - p ) 
vi-P - vl"P 
o 
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Now k = d V o o 
-P 
where d i s the d e p l e t i o n . l a y e r width at V = V 
and thus 




(Jp + J^^ .dt 
(2.16) 
1 - p 
Compare t h i s w i t h Equation 2.14 f o r a voltage 
Independent capacitance, which can be seen t o be a 
special, case of the above w i t h p = O. 
I t should be noted t h a t a d d i t i o n a l n o n - l i n e a r i t i e s 
also occur as i n the recharge sampling element, due t o the 
dependence on d e p l e t i o n l a y e r width of J and J, , the 
. p i j 
photocurrents and thermal leakage currents r e s p e c t i v e l y . 
Figure 2.10 shows the decay of voltage as a f u n c t i o n 
of time f o r constant ( J + Jj) w i t h p = 0, 1/3 and 
p Li 
A more p r e c i s e treatment would use 
d = k (V + V^)^ 
i n place o f Equation 2.15, and t h i s would accentuate the 
d e v i a t i o n s at low output voltages. 
Two p o i n t s are of i n t e r e s t when comparing the response 
c h a r a c t e r i s t i c o f the volta g e sampling element w i t h t h a t of 
the recharge sampling element. The non l i n e a r i t y displayed 
i n Equation 2.16 can be considered t o a r i s e from i n t e g r a t i o n 
of the s i g n a l on a no n - l i n e a r element ( i . e . the diode 
capacitance) r a t h e r than on the e x t e r n a l and h o p e f u l l y l i n e a r 
i n t e g r a t o r c a p a c i t o r of the e x t e r n a l a m p l i f i e r . 
V 
Vo 
Fl G 2.10 T H E R E L A T I V E JUNCTION VOLTAGE AS A 
F U N C T I O N OF E X P O S U R E T I M E A S S U M I K l G i 
A C-V L A W W I T H p=o,5 8t k Leaw. 2.\4l 
^ 49 -
Secondly, i t can be seen t h a t the area dependence of 
the r e s p o n s i v i t y has been e l i m i n a t e d , and t h e r e f o r e no s i g n a l 
"gain" i s achieved by the use o f l a r g e r diodes. Conversely, 
small element sizes are f e a s i b l e f o r use in^ high r e s o l u t i o n 
arrays w i t h o u t loss of s i g n a l . 
So f a r only the p o t e n t i a l across the diode has been 
described. The t r a n s f e r c h a r a c t e r i s t i c s of the MOS source 
f o l l o w e r (T2 i n Figure 2.9) i s s t r o n g l y dependent on the 
type of e x t e r n a l load used. Three types of load can be 
envisaged, namely a r e s i s t i v e load, a v i r t u a l e arth load and 
a constant c u r r e n t load. The f o l l o w i n g analyses f o l l o w the 
14) 
techniques of Dickson et a l ' 
The t h r e e cases are shown i n Figure 2.11 (a) - ( c ) . 
I n a l l the analyses t o be given, the m u l t i p l e x i n g t r a n s i s t o r 
T3 i s replaced f o r s i m p l i c i t y by a r e s i s t o r of value equal 
t o i t s "on" r e s i s t a n c e . The two c h a r a c t e r s t i c s of i n t e r e s t are 
the output v o l t a g e as a f u n c t i o n of diode voltage, and the 
f i s e t i m e o f the output voltage i n response t o a step f u n c t i o n 
of diode p o t e n t i a l . 
a) R e s i s t i v e Load 
R e f e r r i n g t o Figure 2.11 (a) and using the terms as 
defined t h e r e , then the e q u i l i b r i u m output voltage i s 
given by :-
V ^ = I d s \ (2.17) 
3) 
Now f o r an MOS t r a n s i s t o r at s a t u r a t i o n 
where = i s a parameter of the device defined 
by the process 
o v 
T 2 
I c " 
V D D 
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V i s the gate-source voltage gs 
V^ i s the t h r e s h o l d voltage 
Applying t h i s t o the s i t u a t i o n i n Figure 2.11 (a) 
Ids = % <VD - V3 - v ^ ) ' 
= g | (Vp - - I ^ ^ (R^ . R3)) 
w h e r e ' ^ ^ e yS associated w i t h T^. This gives a 
q u a d r a t i c equation f o r 1^^ of :-
( \ ^ ^ 3 ) ^ ^ds -^2(VO-VT) (RL^Rg) Ids ( V ^ T ) " = 0 
S o l v i n g f o r 1^^ and s u b s t i t u t i n g i n t o Equation 2.17 gives 
the e q u i l i b r i u m output voltage V^as a f u n c t i o n of diode voltage 
V as :-
^ (2.18) 
V = \ o 
R3 " 
- v^ + 1-^(1-^ 2^2(R^ ^ R3) -
^2(R3 + R,,) 
The t r a n s i e n t response of the c i r c u i t can be 
derived by observing t h a t at e q u i l i b r i u m :-
" L 
where V„ = V_ - V„ and i s the e f f e c t i v e diode voltage 
Jii D 1 
and n o t i n g t h a t a l l voltages are defined negative and thus; 
I n general though, at a time t the output voltage V 
w i l l be given by :-
V - V„ V (2.20) 
h = . - — + I 
R3 ^ 
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where i s the' instantaneous current i n the video l i n e 
capacitance C, 
Now 
= - C- dV 
^ L dt 
and the general case of Equation (2.19) i s 
- \ R3 ^ 
I n t e g r a t i n g and s u b s t i t u t i n g f o r R^^ V^ , from Equation 
2.19 we o b t a i n 
- V 
l o g o t ^3 
and 




which describes the response t o a step change i n V^ which 
would produce an e q u i l i b r i u m voltage V^. 
b) V i r t u a l E arth Load 
The expression f o r the e q u i l i b r i u m output voltage f o r 
the v i r t u a l e a r t h example of Figure,2,11 (b) can be derived 
i n a s i m i l a r f a s h i o n t o t h a t f o r a r e s i s t i v e load by 
n o t i n g t h a t : 
\ = - ^ds «F 
where R„ i s the feed-back resistance of the a m p l i f i e r , and F 
t h a t R. i s now zero. L 
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Thus 
V = - -^F 'D 
(2.22) ^  
The d e r i v a t i o n of the t r a n s i e n t response also c l o s e l y 
f o l l o w s t h a t f o r the r e s i s t i v e load, using the equation 
corresponding t o equation (2.20) which i s :-
A - r - V E _ 
R, 
(A+l)^-vr 
and the expression f o r the output voltage V at time 
t becomes :-
V = V. 1. - exp (2.23) 
c) Constant Current Load 
The expression f o r the e q u i l i b r i u m output voltage i s 
somewhat more s t r a i g h t f o r w a r d f o r the constant current case, 
The d r a i n . c u r r e n t i s now equal t o 1^^, the load c u r r e n t , and 
t h e r e f o r e 
Now = V„ + I j , R3 
and I . = 
Hence V^ = 
- \ - ^o 
VD - - ^3 
21, 
(2.24) 
The t r a n s i e n t response analysis i s s i m i l a r t o the two 
previous d e r i v a t i o n s , using the expression f o r the output 
voltage ( c f . Equations 2.20) :-
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V - V 
The output voltage at time t then becomes :-
V = ( 1 - exp (- t/Rg C^)) (2.25) 
I n order t o compare the l i n e a r i t y of response of the 
three types of load, we can w r i t e the e q u i l i b r i u m output 
voltages i n a common form. 
A l l the equations (2.18, 2.22, 2.24) are of the 
form :-
SO f o r the r e s i s t i v e load, from Equation (2.18) 
V , 1 - ^(1 ^ ( \ * R3) (Vp - V^)) • 
=K« /S2 (R3 ^ \ ) 
and s i m i l a r l y f o r the other loads. 
The extent t o which the load degrades the output 
response i s shown i n Figure 2.12. T y p i c a l values have 
been taken f o r the r e l e v a n t parameters and a f a m i l y ; of 
output curves p l o t t e d . 
The i d e a l s i t u a t i o n i s where the load resistance i s 
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For the r e s i s t i v e load case, as the load resistance 
decreases, a t t e n u a t i o n and n o n - l i n e a r i t y increase u n t i l the 
l i m i t i n g s i t u a t i o n of the v i r t u a l e arth a m p l i f i e r i s reached. 
The constant current load e x h i b i t s good l i n e a r i t y , but 
the dynamic range d e t e r i o r a t e s because of the imposition 
of what i s e f f e c t i v e l y an a d d i t i o n a l t h r e s h o l d voltage. 
Expressing the dynamic range q u a n t i t i v e l y i n terms of 
s i g n a l charge, we o b t a i n f o r the r e s i s t i v e and v i r t u a l earth 
loads. 
Q 
^s max S ( 2 . 2 6 ) 
and f o r the constant current load 
Q 
^s max 
" " ^ ^ ""ERR = I I «3 * ^ ( 2 I L / P 2 ' 
The time response of each output c i r c u i t can be 
expressed i n a common form,' from Equations (2.21, 2.23, and 2.25) 
Vj, = ( 1 - exp ( - t / t ) ) 
where f o r the r e s i s t i v e load f o r example, from Equation (2.21) 
and s i m i l a r l y f o r the other loads. These time constants, and 
t h e i r values under a range of t y p i c a l c o n d i t i o n s are shown 
i n Table 2.2. 
From t h i s , i t can be seen t h a t the v i r t u a l earth load 
has by f a r the f a s t e s t response time. 
T Y P E OP LOAD GENER/^l_ E X P R E S S I O N 
T V P I C A . L 
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A«l0' .Ri:-50Ka 
9.9 Cu «S 
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So f a r , the discussion has been r e s t r i c t e d t o the 
op e r a t i o n of a s i n g l e element, whether recharge or voltage 
sampled. I n order t o produce a u s e f u l detector many 
elements must be incorporated together i n some way. 
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2.3. Scanning Techniques 
I t i s t h e o r e t i c a l l y possible t o operate any form of 
addressed s t r u c t u r e such as a memory or an imaging array 
i n e i t h e r a sequent i a l or a random access mode. Although 
diode arrays have been constructed w i t h a random access 
• 16) 
o r g a n i s a t i o n , these have not been based on the 
i n t e g r a t i n g mode of operation. A problem arises w i t h 
arrays o f the type described i n the e a r l i e r sections of t h i s 
chapter i n t h a t i f a random addressing sequence i s employed, 
the i n t e g r a t i o n periods experienced by each diode can a l l 
be d i f f e r e n t , making s i g n a l analysis very complex. 
The simplest form of sequential addressing s t r u c t u r e 
i s the s h i f t r e g i s t e r w i t h p a r a l l e l outputs, and i t i s 
obv i o u s l y d e s i r a b l e t o implement the s h i f t r e g i s t e r "on-chip" 
and w i t h the same processing technology as used f o r the 
l i g h t sensing elements. This minimises the number of 
i n t e r c o n n e c t i o n s , thus minimising assembly cost and enhancing 
y i e l d and r e l i a b i l i t y . 
Given t h a t the s h i f t r e g i s t e r i s t o be manufactured 
on the same chip, i t becomes e s s e n t i a l t o minimise the thermal 
d i s s i p a t i o n of the r e g i s t e r , otherwise the operating 
temperature of the array w i l l r i s e and thermal gradients may 
occur. This leads t o an increase, or worse, a non-uniformity, 
i n dark c u r r e n t . H i s t o r i c a l l y , the f i r s t on-chip r e g i s t e r s 
were o f the s t a t i c MOS type. However, dynamic r e g i s t e r s w i t h 
lower power d i s s i p a t i o n s are now a v a i l a b l e . 
2.3.1. S t a t i c MOS S h i f t Registers 
Most s h i f t r e g i s t e r s are based on the concatenation of 
i n v e r t e r stages, w i t h some form of storage element between 
stages. Each MOS i n v e r t e r r equires a load, and t h i s can be 
simply a d i f f u s e d r e s i s t o r . However, d i f f u s e d high value r e s i s t o r s 
are extremely c o s t l y i n terms of area, and i t i s pre f e r a b l e t o 
use a s u i t a b l y biased MOS device as an a c t i v e load. 
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A s i n g l e element of a s t a t i c s h i f t r e g i s t e r designed 
by Chamberlain f o r use i n a diode array i s shown i n Figure 
2.13. 
Note the s i m i l a r i t y between t h i s c i r c u i t and the 
t r a d i t i o n a l b i s t a b l e . Here T3, T5 and T9 are the load 
t r a n s i s t o r s . The feed-back t r a n s i s t o r T6 i s used t o maintain 
the s t o r e d charge on the gate of T2 during (^2. This r e g i s t e r 
i s capable of d r i v i n g loads i n excess of 15 pF and can be 
operated at a r b i t r a r i l y low speeds. However, there are 9 
devices per stage, the power d i s s i p a t i o n i s about 3mW 
per stage and the maximum scanning frequency i s l i m i t e d t o 
about 50 kHz. For higher o p e r a t i n g speeds, dynamic r e g i s t e r s 
are r e q u i r e d . 
2.3.2. Ratio Dynamic MPS Registers 
A simpler s h i f t r e g i s t e r can be achieved by 
e l i m i n a t i n g the feed-back t r a n s i s t o r and; r e l y i n g on 
temporary charge storage on the t r a n s i s t o r gates. The 
storage time i s then no longer i n f i n i t e and the clock 
p e r i o d must be made smaller than t h i s . The simplest 
form o f such a r e g i s t e r i s shown i n Figure 2.14 ( a ) . 
The loads are s t i l l MOS t r a n s i s t o r s which are always 
held conducting. 
The power d i s s i p a t i o n can be reduced by using clocked 
load devices t h a t are turned "on" only as required. In the 
c i r c u i t of Figure 2.14 (b) power i s only d i s s i p a t e d i n an 
i n v e r t e r d u r i n g the r e l e v a n t clock phase, and thus the power 
d i s s i p a t i o n i s now p r o p o r t i o n a l t o the duty cycle of the 
clock phase. T y p i c a l scan r a t e s achievable w i t h dynamic 
r e g i s t e r s o f t h i s type are about 10 MHz, and the power 
d i s s i p a t i o n i s about 0.5 mW/stage. One problem which occurs 
w i t h s h i f t r e g i s t e r s of the clocked load type i s t h a t the 
output zero l e v e l s are not w e l l defined and low amplitude 
pulses are present synchronous w i t h one clock phase. Although 
these are of i n s u f f i c i e n t amplitude t o address an array element, 
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Both r e g i s t e r s described above use the r a t i o of 
the load and input device resistances t o define the output 
l o g i c a l " 1 " s t a t e . The load t r a n s i s t o r i s required t o 
have a re s i s t a n c e 10 t o 20 times l a r g e r than t h a t of the 
inp u t t r a n s i s t o r , and t h e r e f o r e occupies a correspondingly 
l a r g e r area. The maximum operating frequency i s also l i m i t e d 
by the l a r g e time constant associated w i t h the load t r a n s i s t o r . 
2,3.3. R a t i o l e s s Dynamic MOS Registers 
The above problems are solved by the use of r a t i o l e s s 
i n v e r t e r c i r c u i t s i n which the output l e v e l i s defined 
by the discharge of a capacitor. Such a s h i f t r e g i s t e r 
17) 
element i s shown i n Figure 2.15 The clock l i n e 
l o a d i n g i n t h i s c i r c u i t i s high, since these are used also 
f o r ground and power connections. No d.c. paths e x i s t and the 
power d i s s i p a t i o n i s thus given by :-
P = CV^f 
where C = clock l i n e capacitance 
V = clock voltage 
f = clock frequency 
The d i s s i p a t i o n at 1 MHz f o r a t y p i c a l r a t i o l e s s 
r e g i s t e r i s about 0.1 mW/stage. 
2.3.4. Dynamic CMOS Registers 
Further reductions in.power d i s s i p a t i o n can be 
achieved by using complementary t r a n s i s t o r p a i r (CMOS) 
c i r c u i t r y . D i s s i p a t i o n s of about 0.01 mW/stage at 1 MHz 
17) 
are achievable ' w i t h r e g i s t e r s of the type shown i n 
Figure 2.16. The CMOS technique, however, requires 
complex processing w i t h l a r g e " p - w e l l " d i f f u s i o n s t o 
accommodate the n-channel devices. This leads i n e v i t a b l y 
t o l a r g e element areas and reduced y i e l d s . Consequently, 
9 
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ION 
although some a p p l i c a t i o n s have been reported ', 
the use of CMOS r e g i s t e r s i n diode arrays has 
not been widespread. 
2.3.5. Bootstrapped MOS Registers 
So f a r , a l l the r e g i s t e r s described have used 
as the basic element two i n v e r t e r s . I t i s also possible 
t o implement a s h i f t r e g i s t e r w i t h source f o l l o w e r s rather 
than i n v e r t e r s . Usable outputs are then obtained from 
every " h a l f - s t a g e " , r e s u l t i n g i n an e f f e c t i v e h a l ving of 
area requirement and power d i s s i p a t i o n . 
I n an MOS f o l l o w e r stage, however, there i s a 
v o l t a g e drop between input and output of one threshold 
v o l t a g e , and thus the c o n s t r u c t i o n of such r e g i s t e r s was 
not f e a s i b l e u n t i l the development of the "bootstrap" 
19") 
technique ^ f o r e l i m i n a t i n g t h i s drop. The bootstrap, 
element can be e i t h e r a capacitor or an MOS varactor, 
and a c i r c u i t developed f o r diode array scanning using 
the l a t t e r i s shown i n Figure 2.17. 
2.3.6. Bucket Brigade Device Registers 
A f u r t h e r departure from conventional, i n v e r t e r based 
r e g i s t e r s i s the use of a d i g i t a l bucket brigade delay l i n e . 
20) 
I n t e s t s c a r r i e d out by Weimer et a l , a p-channel MOS 
bucket brigade delay l i n e was operated w i t h double and s i n g l e 
c l o c k s , and negative and p o s i t i v e i n p u t s . The two most 
i n t e r e s t i n g modes of operation were found t o be the 
double c l o c k w i t h a negative i n p u t , which produces a u s e f u l 
scan pulse at each output, and the s i n g l e clock w i t h a 
p o s i t i v e i n p u t , which gives a scan pulse at every a l t e r n a t e 
o u t p u t . These two modes of operation are i l l u s t r a t e d i n 
Figure 2.18. The s w i t c h i n g t r a n s i e n t s at the outputs are 
considerably worse than from more conventional r e g i s t e r s , 
and t h i s seems t o be the reason why l i t t l e i n t e r e s t has been 
shown i n the technique since, despite the considerable reduction 
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2.3.7.Register Organisation 
Figures 2.19 (a) and (b) r e s p e c t i v e l y i l l u s t r a t e 
the way i n which recharge and voltage sampling arrays 
are scanned by a s u i t a b l e r e g i s t e r . I n order t o i n i t i a t e 
a scan, a s t a r t pulse must be loaded i n t o the f i r s t 
element of the s h i f t r e g i s t e r . I f the s h i f t r e g i s t e r 
i n p u t i s made a v a i l a b l e t h i s can be c a r r i e d out by 
e x t e r n a l l o g i c and t h i s i s the m o s t ' v e r s a t i l e mode of 
op e r a t i o n . The r e g i s t e r can be e i t h e r cycled c o n t i n u a l l y , 
i n which case the i n t e g r a t i o n time experienced by each 
element i s given by :-
. t j = nf 
where n = no. of stages i n the s h i f t r e g i s t e r . 
f = scan r a t e of r e g i s t e r i n stages/second 
A l t e r n a t i v e l y , the array can be scanned once and 
then allowed t o i n t e g r a t e f o r a p e r i o d t ^ before a 
second scan i n i t i a t e pulse i s sent t o the r e g i s t e r . I n 
t h i s case the i n t e g r a t i o n time becomes :-
t , = t + nf I o 
and the i n t e g r a t i o n can be made a r b i t r a r i l y long without 
reducing the clock frequency. 
I n many a p p l i c a t i o n s where simple r e p e t i t i v e scanning 
i s s u f f i c i e n t , i t i s more a t t r a c t i v e t o implement a s e l f -
i n i t i a t i n g r i n g counter on-chip and thus minimise the 
e x t e r n a l l o g i c . Such a c i r c u i t i s used i n the Reticon 
18) 
64 element c i r c u l a r geometry array, type R064 
a A A 
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2.4. Noise Sources 
So f a r the two basic types o f diode array element, 
and the way i n which they can be scanned, have been 
described, and the response c h a r a c t e r i s t i c s have been 
st u d i e d . Any comparison of performance must also include 
an e v a l u a t i o n of the noise sources f o r recharge and 
volt a g e sampling arrays. The c l a s s i f i c a t i o n of noise i n t o 
f i x e d p a t t e r n noise and random noise has been described i n 
Chapter 1. The two types of noise w i l l be described 
se p a r a t e l y f o r each mode of array sampling. 
2.4.1. Fixed P a t t e r n Noise i n Recharge Sampling Arrays 
Responsivity f i x e d p a t t e r n noise ( f . p . n . ) i n 
recharge sampling arrays i s caused by v a r i a t i o n s i n quantum 
e f f i c i e n c y and diode area, whereas o f f s e t f.p.n. arises 
from v a r i a t i o n s i n thermal leakage current and i n the 
l e v e l of MOS charge pumping i n the addressing t r a n s i s t o r s . 
Synchronous noise i s present on the output waveform because 
of clock breakthrough onto the video l i n e s . These three 
c o n t r i b u t i o n s t o f i x e d p a t t e r n noise w i l l be described 
sepcLrately. 
(a) Responsivity F.P.N. 
The quantum e f f i c i e n c y of a diode, as seen i n 
Section 2.1, i s a f u n c t i o n of such parameters as c a r r i e r 
l i f e t i m e s , d i f f u s i o n c o - e f f i c i e n t s , j u n c t i o n depths and 
doping concentrations. V a r i a t i o n s i n these can be expected 
from one batch of chips t o another, but from p o i n t t o 
p o i n t on a s i n g l e chip v a r i a t i o n s should be n e g l i g i b l e , 
and the c o n t r i b u t i o n t o the t o t a l r e s p o n s i v i t y f.p.n. from 
quantum e f f i c i e n c y v a r i a t i o n i s probably less than 1%. 
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A much l a r g e r c o n t r i b u t i o n comes from v a r i a t i o n s 
i n d i o d e area. Such v a r i a t i o n i s a f u n c t i o n o f t h e 
p h o t o e n g r a v i n g t o l e r a n c e s , w h i c h are c o n t i n u a l l y b e i n g 
improved, and f o r a g i v e n t o l e r a n c e , t h e r e s p o n s i v i t y 
v a r i a t i o n w i l l be more severe f o r s m a l l e r area diodes. 
T a k i n g f o r example a d i m e n s i o n a l t o l e r a n c e o f + 0.5 ^ m and 
a nom i n a l area o f 250 jjjn x 40 t h e r e s p o n s i v i t y f . p . n . 
would be about 1.5% o f t h e s i g n a l 
( b ) O f f s e t F.P.N. 
The f i x e d p a t t e r n n o i s e due t o v a r i a t i o n s i n o f f s e t 
l e v e l i s independent o f s i g n a l , and i t i s t h e r e f o r e convenient 
t o e x p r e s s t h e n o i s e sources as an e q u i v a l e n t n o i s e charge 
(ENC) i n e i t h e r picocoulombs o r e l e c t r o n s . 
Thermal leakage c u r r e n t s a r i s e n o t o n l y i n t h e 
p h o t o d i o d e as d e s c r i b e d i n S e c t i o n 2.1., b u t a l s o i n t h e 
d r a i n d i f f u s i o n s o f t h e a d d r e s s i n g t r a n s i s t o r s . 
The leakage c u r r e n t d e n s i t i e s w i l l be o f t h e same 
o r d e r i n b o t h t h e p h o t o d i o d e and t h e d r a i n d i f f u s i o n , and 
— 6 2 
t y p i c a l d r a i n areas are about 5.10~ cm . Thus f o r a l a r g e 
d i o d e o f 6.00 ju-m x 2 5 ^ ^ t h e c o n t r i b u t i o n from t h e d r a i n 
d i f f u s i o n would be o n l y about 3% o f t h e t o t a l leakage, 
whereas t h e d r a i n leakage would be dominant f o r a s m a l l 
d i o d e o f 20 ^ m x 20 jxm. 
The t h e r m a l leakage c u r r e n t s measured f o r v a r i o u s 
R e t i c o n d e v i c e s were shown i n F i g u r e 2.7 and f o r example, 
t h e l e a kage c u r r e n t a t room t e m p e r a t u r e f o r a 600^m x 25 jua 
d i o d e was measured t o be about 10^ - 10^ e l e c t r o n s / s e c . 
The v a r i a t i o n f r o m diode t o d i o d e i n leakage c u r r e n t i s 
t y p i c a l l y o f t h e same o r d e r as t h e magnitude o f t h e current"*"^^ 
and can t h u s be e s t i m a t e d t o c o n t r i b u t e a n o i s e o f about 5.10''"^  
e l e c t r o n s / s e c / c m . Note t h a t a l t h o u g h s i g n a l independent, t h i s 
s o u rce o f o f f s e t f . p . n . i s p r o p o r t i o n a l t o the i n t e g r a t i o n time, 
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An e f f e c t known as charge pumping was d i s c o v e r e d 
i n MOS t r a n s i s t o r s by B r u g l e r and Jespers ^ i n 1968, 
and t h i s c o n t r i b u t e s t o o f f s e t n o i s e i n diode a r r a y s . 
B r i e f l y , charge pumping i s a net f l o w o f c u r r e n t i n t o 
t h e s u b s t r a t e f r o m t h e d r a i n and source d i f f u s i o n s which 
o c c u r s when t h e gat e v o l t a g e i s p u l s e d . When a gate p u l s e 
i s a p p l i e d , c a r r i e r s a re drawn i n t o t h e channel from t h e 
d r a i n and source d i f f u s i o n s . When t h e p u l s e i s removed, 
n o t a l l t h e c a r r i e r s r e t u r n t o t h e d i f f u s e d r e g i o n s , b u t 
some d i f f u s e i n t o t h e s u b s t r a t e and recombine t h e r e , l e a d i n g 
t o a n e t i n j e c t i o n o r "pumping" o f charge i n t o t h e s u b s t r a t e . 
T h i s e f f e c t o c c u r s i n t h e a d d r e s s i n g t r a n s i s t o r s 
o f a r e c h a r g e s a m p l i n g a r r a y , and d i f f e r e n c e s i n i t s 
magnitude f r o m t r a n s i s t o r t o t r a n s i s t o r c o n t r i b u t e t o o f f s e t 
f . p . n . The v a r i a t i o n s a r e l a r g e l y d e t e r m i n e d by t h e 
d i m e n s i o n a l t o l e r a n c e s o f t h e channel, and assuming a t o l e r a n c e 
o f + 0.5 juim on a channel o f 20 ^ m x 5 jm, such v a r i a t i o n s w i l l 
be about 10% r.m.s. o f t h e nominal area. The charge pumped 
-2 14) 
per c y c l e f o r a channel o f t h i s area i s t y p i c a l l y 10 " pC \ 
so t h e o f f s e t f i x e d p a t t e r n n o i s e due t o charge pumping i s 
—3 3 l i k e l y t o be about 10 pC.or about 6 x 10 e l e c t r o n s . 
c) Synchronous Noise 
Synchronous n o i s e o c c u r s i n re c h a r g e sampling a r r a y s 
due t o t h e c o u p l i n g onto: t h e v i d e o l i n e o f t h e address p u l s e 
v i a t h e g a t e t o d r a i n c a p a c i t a n c e o f t h e a d d r e s s i n g 
t r a n s i s t o r . 
Assuming c o i n c i d e n t address p u l s e edges, t h e charge 
removed a t t h e f a l l o f address p u l s e ra would be e x a c t l y 
c a n c e l l e d by t h e charge i n j e c t e d a t t h e r i s e o f address 
p u l s e m + 1. T h i s assumes i d e n t i c a l g a t e - d r a i n c a p a c i t a n c e s 
(C^g) f o r t h e t r a n s i s t o r s of- b o t h elements, and i t i s t h e 
v a r i a t i o n f r o m d e v i c e t o d e v i c e o f C^^ t h a t leads t o i m p e r f e c t 
c a n c e l l a t i o n and hence t o synchronous f i x e d p a t t e r n n o i s e . 
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The f e e d t h r o u g h c a p a c i t a n c e i s t y p i c a l l y 0.01 pF, w i t h 
14) 
a r.m.s. v a r i a t i o n o f 10% '. For a lOV address p u l s e 
t h e n , t h e charge i n j e c t e d o r removed w i l l be 0.1 pC, and t h e 
-2 
f i x e d p a t t e r n n o i s e c o n t r i b u t i o n w i l l be about 10 pC, or 
4 
6 X 10 e l e c t r o n s . 
F u r t h e r synchronous n o i s e can be i n t r o d u c e d i f a 
s h i f t r e g i s t e r o f e i t h e r t h e c l o c k e d l o a d o r b o o t s t r a p p e d t y p e 
i s used, where low a m p l i t u d e f e e d t h r o u g h p u l s e s are p r e s e n t 
on t h e n o n - s e l e c t e d o u t p u t s . T y p i c a l p u l s e a m p l i t u d e s are 
2V and t h e s e w i l l be c o u p l e d t o t h e v i d e o l i n e by t h e 
t r a n s i s t o r g a t e - d r a i n c a p a c i t a n c e s . Thus t h e i n j e c t e d 
5 
s i g n a l w i l l be about n (0.02)pC o r n (1.2 x 10 ) e l e c t r o n s . 
The c o n t r i b u t i o n o f t h i s t o synchronous n o i s e i s d i f f i c u l t 
t o e s t i m a t e , s i n c e t h i s i n j e c t e d s i g n a l w i l l , i n a l a r g e a r r a y , 
be a p p r o x i m a t e l y c o n s t a n t i r r e s p e c t i v e o f t h e element b e i n g 
addressed, s i n c e any v a r i a t i o n s i n C ^ j g W i l l be averaged out 
by s c a n n i n g over t h e ( n - 1 ) a d d r e s s e d elements. 
T a b l e 2.3. shows t y p i c a l l e v e l s o f f i x e d p a t t e r n 
n o i s e c o n t r i b u t i o n s f r o m t h e above sources, computed, f o r an 
a r r a y w i t h c h a r a c t e r i s t i c s as above, and w i t h an element 
s i z e o f 250 ^m x 40yj-m. Shown f o r comparison i s t h e 
t y p i c a l s a t u r a t i o n s i g n a l . 
2.4.2. F i x e d P a t t e r n Noise i n V o l t a g e Sampling A r r a y s 
As. i n r e c h a r g e s a m p l i n g arrays,quantum e f f i c i e n c y 
v a r i a t i o n s are a source o f r e s p o n s i v i t y f i x e d p a t t e r n n o i s e . 
R e s p o n s i v i t y i s however no l o n g e r dependent on diode area. 
There a r e a d d i t i o n a l sources o f r e s p o n s i v i t y f . p . n . p e c u l i a r 
t o v o l t a g e s a m p l i n g a r r a y s , namely v a r i a t i o n s i n t h e gate 
c a p a c i t a n c e , t h r e s h o l d v o l t a g e and JS o f t h e source f o l l o w e r 
t r a n s i s t o r T2, and i n t h e "on" r e s i s t a n c e o f the m u l t i p l e x i n g 
t r a n s i s t o r T3. 
T Y P E _ O R l G m V A L U E J ^ _ U N I T S _ 
R E S P O N S I V I T Y D I O D E A R E A 5 % 
O P P S E T U E L E C T R O N S 
Gtp GxiO* E L E C T R O N S 
S V N C H R O N O U S 6x10* E L E C T R O N S 
S A T U R A T I O N S I G N A L E L E C T R O N S 
D I O D E AREA ^ Z50jjmnA0p,yn 
i) t j a INTEGRATION T IME (s) 
T A B L E 2 .3 T Y P I C A L F IXED PATTERN NOISE 
COMPONENTS AND SATURATION SIGNAL IN A 
RECHARGE SAMPLING ARRAY AT ROOM TEMPERATURE 
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O f f s e t v a r i a t i o n s o r i g i n a t e from leakage c u r r e n t 
v a r i a t i o n s , and from charge pumping v a r i a t i o n s i n T l , 
and a l s o f r o m v a r i a t i o n s i n c a p a c i t i v e - f e e d t h r o u g h i n T l , 
^ and t h r e s h o l d v o l t a g e i n T2, and i n "on" r e s i s t a n c e o f 
T3. I t w i l l be seen t h a t o f f s e t and r e s p o n s i v i t y v a r i a t i o n s 
are t o an e x t e n t i n t e r d e p e n d e n t i n v o l t a g e sampling elements. 
Synchronous n o i s e i s n o t a s i g n i f i c a n t problem i n 
v o l t a g e s a m p l i n g a r r a y s , s i n c e t h e o u t p u t i s a s e r i e s o f 
d.c. v o l t a g e l e v e l s , w h i l s t t h e synchronous n o i s e appears 
as t r a n s i e n t s between these l e v e l s , c o i n c i d e n t w i t h t h e 
r i s e and f a l l o f t h e c l o c k s . 
The above sources o f f i x e d p a t t e r n n o i s e w i l l now 
be examined i n more d e t a i l . 
( a ) R e s p o n s i v i t y F i x e d P a t t e r n Noise 
Quantum e f f i c i e n c y v a r i a t i o n s , as i n recharge 
s a m p l i n g a r r a y s , are s m a l l and t y p i c a l l y c o n t r i b u t e l e s s 
t h a n 1% o f t h e t o t a l r e s p o n s i v i t y f i x e d p a t t e r n n o i s e . 
The ga t e c a p a c i t a n c e o f t h e source f o l l o w e r t r a n s i s t o r 
s h u n t s t h e diode c a p a c i t a n c e c o n s e q u e n t l y s l i g h t l y r e d u c i n g 
t h e r e s p o n s i v i t y . V a r i a t i o n s i n t h i s g a t e c a p a c i t a n c e are 
due t o d i m e n s i o n a l t o l e r a n c e s , and f o r a gate area o f 12jxm 
X 8 Jim and a t o l e r a n c e o f 0.5 jj.m, c a p a c i t a n c e v a r i a t i o n s o f 
10% w o u l d be expected. The gate c a p a c i t a n c e o f such a 
14") 
t r a n s i s t o r i s about 0.04 pF , and f o r a diode area o f 
3 3 
250^m X 40 jxm w i t h a j u n c t i o n c a p a c i t a n c e o f 4 10 pF/cm , 
t h e n t h e v a r i a t i o n i n t h e s m a l l s i g n a l r e s p o n s i v i t y G • i s 
g i v e n by :-
^ ° ( V ^ (2.28) 
= 0.01 
T h i s t e r m w i l l be c o r r e s p o n d i n g l y l a r g e r f o r s m a l l e r 
a r e a d i o d e s . 
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The e f f e c t s o f v a r i a t i o n i n source f o l l o w e r ^ and 
t h r e s h o l d v o l t a g e , and m u l t i p l e x i n g t r a n s i s t o r "on" 
r e s i s t a n c e are dependent on t h e type o f o u t p u t l o a d used. 
As might be e x p e c t e d from t h e t r a n s f e r c h a r a c t e r i s t i c s 
d e s c r i b e d i n S e c t i o n 2.2.2., t h e v i r t u a l e a r t h a m p l i f i e r 
s u f f e r s f r o m t h e w o r s t r e s p o n s i v i t y f i x e d p a t t e r n n o i s e . 
T h i s n o i s e c o n t r i b u t i o n can be d e r i v e d s t a r t i n g w i t h 
E q u a t i o n 2.22 t o d e s c r i b e t h e e q u i l i b r i u m o u t p u t v o l t a g e : 
^o = - T) 
^9 
and d i f f e r e n t i a t i n g w i t h r e s p e c t t o Vj^ t o o b t a i n t h e s m a l l 
s i g n a l g a i n G :-
G = 
Ro 
- l l + m - 1 
^ I T " m 
where m - 2132R3 V -T' 
(2.29) 
(V^ - v^) 
^G, t h e peak-peak f i x e d p a t t e r n n o i s e 
i n G due to^a,and Rg v a r i a t i o n s i s g i v e n by : 
^G (^^ R3) = ^ AjS^ + ^R; 
'DR, 
(2.30) 
where A|2^ and AR^ are t h e peak t o peak v a r i a t i o n s i n ^  2 ^^ '^  ^3 







= - ^F. 
Ro 
^3 ( 1 . rn) 
R_cj (Vj5 - V^)f3^+ ( 1 + m) ( 1 + m) 
R3 ( 1 + m) TT2 
I n s e r t i n g t h e above i n t o E q u a t i o n (2.30) and d i v i d i n g 
by E q u a t i o n (2.29) g i v e s t h e r e s p o n s i v i t y f . p . n . :-
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m ^ R3> = 
^ 2(1 + m) (41 + m - 1) 




S i m i l a r i l y , c o n s i d e r i n g t h e e f f e c t o f t h r e s h o l d 
v o l t a g e v a r i a t i o n s i n T2, 
4 G (V^,) 
G ^ 
m 
2 ( i : + m) {41 + m - i ) L^D'^T 
(2.32) 
A s i m i l a r a n a l y s i s a p p l i e s f o r t h e r e s i s t i v e l o a d 
o u t p u t c i r c u i t , s t a r t i n g w i t h E q u a t i o n 2.18 f o r t h e 
e q u i l i b r i u m o u t p u t v o l t a g e :-
V = o 
R3 ^ \ 
V. D - ^T ^ 1 - -^1+2^2 (^ 3^ ^ \ ) ( V D - ^T^ 
•^2(1^ 3 ^ \ ) 
w h i c h l e a d s t o (2.33) 
^ R3) n 
2(1 + n) (-tL + n - 1) 
where n = 2^3 (R3 + Rj^) (Vjp - V^), 
Ag2 + ^ 
^2 ^3 ' \ 
AR. 
and A G (V^,) = 
G ^ 
n (2.34) 
2 ( 1 + n) (\l +.n - 1 ) V - V T _ 
As would be expected i t can be seen t h a t t h e v i r t u a l 
e a r t h s o l u t i o n s are a s p e c i a l , c a s e o f t h e above v / i t h R^ = 0. 
For t h e c o n s t a n t c u r r e n t l o a d , s t a r t i n g w i t h E q u a t i o n 
2.24, 
= - - 1^ R3 - J 21^ 
The g a i n i s g i v e n by, G = d-V^  = 1 
D 
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and t h e r e f o r e 
^ (|^2'^3'^T^ " ° (2.35) G 
Thus t h e r e i s no c o n t r i b u t i o n t o t h e r e s p o n s i v i t y 
f . p . n . f r o m t h e s e v a r i a t i o n s i n t r a n s i s t o r parameters 
i n t h e case o f t h e c o n s t a n t c u r r e n t l o a d . 
( b ) O f f s e t F i x e d P a t t e r n Noise 
Assuming, as i n S e c t i o n 2.4.1., a room t e m p e r a t u r e 
10 2 
leakage c u r r e n t d e n s i t y e q u i v a l e n t t o 5.10 e l e c t r o n s / s / c m , 
t h e n f o r a d i o d e o f area 250 ^m x 40 ^m w i t h a c a p a c i t a n c e 
= 0.4 p f , t h e decay r a t e w i l l be about 2Vs~''" a t t h e d i o d e , 
w i t h an o f f s e t v a r i a , t i o n , V„„, o f a s i m i l a r magnitude. 
T h e r e f o r e 
AVos ( I I ) = 2 t j .V 
where t ^ = i n t e g r a t i o n t i m e 
Charge pumping o f f s e t n o i s e now depends on diode 
area, as t h e r e s u l t i n g o f f s e t v o l t a g e i s i n v e r s e l y 
p r o p o r t i o n a l t o t h e sum o f t h e diode and source 
-2 
f o l l o w e r g a t e c a p a c i t a n c e s . For a pumped charge o f 10 pC 
and a v a r i a t i o n i n t h i s o f 10%. t h e a r r a y element d e s c r i b e d 
above w o u l d have 
A V (Q ) = 2mV 
O S ' p 
There e x i s t s a c o u p l i n g c a p a c i t a n c e , C^, between t h e 
d i o d e and t h e gate o f t h e c h a r g i n g t r a n s i s t o r T l . Feedthrough 
o f t h e charge p u l s e o c c u r s , r e d u c i n g t h e p o t e n t i a l t o which 
t h e d i o d e i s b i a s e d a t t h e s t a r t o f t h e i n t e g r a t i o n . 
V a r i a t i o n s in t h e f e e d t h r o u g h c a p a c i t y l e a d t o an o f f s e t 
f . p . n . component o f :-
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AC, (2.36) 
where V = charge p u l s e v o l t a g e cp 
A Cj, = v a r i a t i o n i n f e e d t h r o u g h c a p a c i t a n c e 
Cp i s t y p i c a l l y O.OlpF, w i t h a t o l e r a n c e o f 20% and 
assuming V = lOV. cp 
Av^g (Cp) 50mV 
The c o n t r i b u t i o n from t h e spread o f source f o l l o w e r 
^'s & t h r e s h o l d s , and m u l t i p l e x i n g t r a n s i s t o r 'on' 
r e s i s t a n c e s i s a g a i n a f u n c t i o n o f t h e l o a d used. For 
t h e v i r t u a l e a r t h l o a d , from E q u a t i o n 2.22, t h e o f f s e t 
v o l t a g e r e f e r r e d t o t h e diode p o t e n t i a l can be w r i t t e n as : 
^2 ^3 
(2.37) 
Now A V (8o RQ) = "^^os A f i o + S^os A R 
O S rz, 3 ^ / j o '2 -7=7-5— '9R. 
and Q^os = 1_ -iTT m -1 V - V D T 
1^ 2 ''s -fTT m 
S i m i l a r l y 
QV, O S 
3 R . 
1^ 
R, 
- l l + m -1 - V^ - V. 
1 ^ 3 1 + m 
and t h e r e f o r e 
A(22 +AR3 
2 ^3 
T l + m -1 - 'D 
^o R 2 "3 m 
(2.38) 
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A l s o 
9V, T 
1 - 1 
4rT m 
(2.39) 
For t h e r e s i s t i v e l o a d s , t h e c o r r e s p o n d i n g e x p r e s s i o n s 
become :-
(2.40) 
^ ^ o s (^2,^3^ % ^ ^^3 
1^2 R 3 ^ \ j 
, and 
1 - 1 
^ 1 +n 
(2.41) 
For t h e c o n s t a n t c u r r e n t l o a d , t h e o f f s e t v o l t a g e , 
f r o m E q u a t i o n 2.24, i s 
V, 
O S 21, 
g i v i n g 
(2.42) 
and 
A-Vog (V^) = (2.43) 
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Values f o r t h e o f f s e t f . p . n . c o n t r i b u t i o n s 
d e s c r i b e d above are g i v e n i n Table 2.4., c a l c u l a t e d f o r t h e 
element as d e s c r i b e d t h e r e . I t i s i n t e r e s t i n g t o note t h a t 
t h e supposedly " f i x e d " o f f s e t n o i s e does i n f a c t have a 
s i g n a l dependence ( E q u a t i o n s (2.38 and 2.40) except when 
a c o n s t a n t c u r r e n t l o a d i s used. 
The s i t u a t i o n becomes f u r t h e r c o m p l i c a t e d because 
o f t h e s e o f f s e t v a r i a t i o n s . Due t o t h e n o n - l i n e a r i t i e s 
i n h e r e n t i n t h e r e s p o n s i v i t y o f a v o l t a g e sampling element, 
t h e o f f s e t v a r i a t i o n s themselves c o n t r i b u t e some 
r e s p o n s i v i t y f i x e d p a t t e r n n o i s e . An example o f t h i s 
p r o b l e m i s t h e v a r i a t i o n o f d i o d e c a p a c i t a n c e w i t h diode 
p o t e n t i a l . V a r i a t i o n s i n diode p o t e n t i a l j u s u a l l y c l a s s e d 
as a source o f o f f s e t n o i s e , w i l l a l s o a f f e c t diode 
c a p a c i t a n c e , w h i c h c o n t r i b u t e s t o v a r i a t i o n s i n r e s p o n s i v i t y . 
The s i t u a t i o n i s e x t r e m e l y complex and t h e r e i s p r o b a b l y 
l i t t l e t o be g a i n e d f r o m a d e t a i l e d q u a n t i t a t i v e a n a l y s i s . 
2.4.3. Random Noise i n Recharge Sampling A r r a y s 
I n Chapter One i t was n o t e d t h a t f o r a s t r o n o m i c a l 
work, o r i n d e e d f o r any measurement system i n which e x t e n s i v e 
p o s t - r e a d o u t p r o c e s s i n g was p e r m i s s i b l e , t h e f i x e d p a t t e r n 
n o i s e c o u l d be reduced o r even e l i m i n a t e d , and t h a t t h e 
random n o i s e was t h e l i m i t i n g f a c t o r which determined t h e 
" s e n s i t i v i t y " o f a d e t e c t o r a r r a y . The o r i g i n s and 
c h a r a c t e r i s t i c s o f t h i s random n o i s e w i l l now be d e s c r i b e d , 
f i r s t l y f o r r e c h a r g e s a m p l i n g a r r a y s . 
Leakage c u r r e n t i s caused by events ( i . e . t h e r m a l 
g e n e r a t i o n o f e l e c t r o n h o l e p a i r s ) which occur a t random 
t i m e s . Because o f t h i s random t i m i n g , t h e leakage c u r r e n t 
w i l l have an average v a l u e , b u t t h e r e w i l l be a f l u c t u a t i o n 
i n t h e i n s t a n t a n e o u s c u r r e n t . T h i s f l u c t u a t i o n i s known 
as s h o t n o i s e . The sho t n o i s e i s d e f i n e d as t h e s t a n d a r d 





















































































































Assuming a P o i s s o n d i s t r i b u t i o n f o r t h e 
i n s t a n t a n e o u s leakage c u r r e n t , then t h e s t a n d a r d 
d e v i a t i o n i s s i m p l y t h e square r o o t o f t h e t i m e 
averaged c u r r e n t . Since we are i n t e r e s t e d i n comparing 
n o i s e l e v e l s w i t h s i g n a l l e v e l s i n terms o f a number 
o f d e t e c t e d p h o t o n s , i t i s c o n v e n i e n t t o express t h e 
r.m.s. n o i s e terms i n u n i t s o f e l e c t r o n i c charge or 
" e q u i v a l e n t n o i s e charge" (ENC). 
The t o t a l l eakage charge, Qj^, expressed i n 
e l e c t r o n s i s :-
QT 
where IT = combined leakage c u r r e n t o f photodiode and 
d r a i n d i f f u s i o n (See S e c t i o n 2.4.1.) 
q = t h e e l e c t r o n i c charge 
The r.m.s. n o i s e t e r m due t o shot n o i s e on t h e 
leakage c u r r e n t i s g i v e n by 
ENC ( l e a k a g e ) = \ I ^ (2.44) 
Shot n o i s e w i l l a l s o be p r e s e n t on the charge 
i n j e c t e d v i a t h e charge pumping e f f e c t , and again w i l l 
be s i m p l y t h e square r o o t o f t h e i n j e c t e d charge. 
Thus 
ENC ( c h a r g e pumping) 
q 
(2.45) 
where Qp = mean charge pumped per c y c l e 
- 73 
D u r i n g t h e r e c h a r g e o p e r a t i o n , t h e r e w i l l be an 
u n c e r t a i n t y i n t h e l e v e l t o which t h e diode c a p a c i t a n c e 
i s charged. T h i s a r i s e s because o f Johnson ( t h e r m a l ) 
n o i s e i n t h e "on" r e s i s t a n c e o f t h e a d d r e s s i n g 
t r a n s i s t o r . 
Thermal n o i s e i n r e s i s t o r s i s a random f l u c t u a t i o n 
i n v o l t a g e a c r o s s t h e t e r m i n a l s caused by t h e random 
m o t i o n o f e l e c t r o n s w i t h i n t h e r e s i s t o r , each h a v i n g an 
3 
average k i n e t i c energy o f g kT. 
I t can be shown 
ENC ( r e s e t ) = 
where 
t h a t t h i s n o i s e t e r m i s :-
kTCj^ ' ^ 
t = t h e l e n g t h o f t h e recharge p u l s e 
R = t h e s e r i e s " o n " . r e s i s t a n c e o f t h e 
a d d r e s s i n g t r a n s i s t o r 
T y p i c a l l y , R = lOK and f o r a d i o d e c a p a c i t a n c e o f 
0.4 pF, t h e t i m e c o n s t a n t RCj^~4nS. The recharge p u l s e 
w i l l u s u a l l y be s e v e r a l microseconds l o n g , and t h u s t h e 
above reduces t o :-
ENC ( r e s e t ) = kTC D (2.46) 
The above n o i s e sources are shown i n t h e n o i s e model 
of F i g u r e 2.20. Here, t h e n o i s e components are r e p r e s e n t e d 
as c u r r e n t s o u r c e s . The leakage c u r r e n t shot n o i s e has two 
components, i . and i , ' r e p r e s e n t i n g t h e leakage c u r r e n t s i n 
t h e p h o t o d i o d e and t h e a d d r e s s i n g t r a n s i s t o r d r a i n d i f f u s i o n 
r e s p e c t i v e l y . . Charge pumping shot n o i s e i s shown as a n o i s e 
c u r r e n t i ^ f r o m t h e s u b s t r a t e , w h i l e r e s e t n o i s e i s 
r e p r e s e n t e d by a t h e r m a l n o i s e c u r r e n t i ^ ^ i n t h e a d d r e s s i n g 
t r a n s i s t o r r e s i s t a n c e . Table 2.5. l i s t s t h e magnitudes o f 
t h e v a r i o u s n o i s e components f o r an a r r a y w i t h t h e parameters 
as d e s c r i b e d t h e r e . 
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2.4.4. Random Noise i n Voltage Sampling Arrays 
The three noise components described above i n 
connection w i t h recharge sampling arrays are also present 
i n v o l t a g e sampling arrays. However, whereas i t i s convenient 
t o express noise i n terms of charges f o r a recharge sampling 
array where the output s i g n a l i s i n the form of a charge, i t 
i s convenient f o r voltage sampling arrays t o describe the 
noise as an r.m.s. noise voltage. 
Thus the shot noise on the leakage current becomes :-
Vn ( IT.) = _ L I I * I ) (2.47) 
S i m i l a r l y , the charge pumping shot noise becomes :-
(2.48) 
The res e t noise on the diode capacitance i s now due t o 
the Johnson noise a r i s i n g i n the se r i e s resistance of T l , the 
recharge t r a n s i s t o r . This becomes :-
kT ( r e s e t ) = (2.49) 
There i s now also Johnson noise i n the combined series 
r e s i s t a n c e s of the source f o l l o w e r and m u l t i p l e x i n g t r a n s i s t o r s 
T2 and T3 (and of the video l i n e i t s e l f ) . This can be expressed 
as : -
( s e r i e s ) = •yj'ikT B (2.50) 
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where 
R = t o t a l s e r i e s output resistance s 
B = bandwidth of observation 
I n p r a c t i c e , the bandwidth i s o f t e n determined not 
by e x t e r n a l f i l t e r i n g but by the low pass f i l t e r 
composed by the s e r i e s output resistance R and the video 
s 
l i n e capacitance C^ ,^ and t h e r e f o r e :-
B = (211 C^) -1 
and thus 
( s e r i e s ) 0.64 kT (2.51) 
Generation - recombination noise occurs i n the source 
f o l l o w e r t r a n s i s t o r T2, and appears as a modulation of the 
d r a i n c u r r e n t . Generation -recombination ( g - r ) noise arises 
from the exchange of c a r r i e r s between defect centres i n the 
22) 
d e p l e t i o n r e g i o n , and the channel . This exchange r e s u l t s 
i n a f l u c t u a t i o n of the c a r r i e r density i n the channel, and 
consequently of the d r a i n current. This noise component i s 
a low frequency phenomenon w i t h a noise spectrum t h a t i s 
g e n e r a l l y f l a t up t o a cut o f f of about lOOHz. The magnitude 
of the generation-recombination noise depends on the 
i m p u r i t y c o n c e n t r a t i o n , since the defect centres are usually 
i m p u r i t y ions. I t i s also temperature dependent, and the 
e f f e c t of temperature on the noise spectrum as measured by 
23 ) 
Yau and Sah ^ i s shown i n Figure 2.21. 
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14 ) Plessey have found ', t h a t the magnitude of the 
g-r noise v a r i e s as the r a t e of change of gate voltage, 
and have determined the e m p i r i c a l r e l a t i o n s h i p 
( g - r ) = 0.4 10 -6 
dt (2.52) 
I n t h i s case, 
the diode capacitance. dt . 
represents the discharge of 
A f u r t h e r source of noise i n MOS t r a n s i s t o r s i s 
known as l / f noise because of i t s r e c i p r o c a l frequency 
dependence. I t i s also known as i n t e r f a c e noise. The 
mechanisms behind t h i s noise are not f u l l y understood, 
22) 
and a v a r i e t y of models t o account f o r i t have been suggested 
The s i g n i f i c a n c e of t h i s type of noise i n diode arrays has been 
24) 
described elsewhere ^ and the equation below has been 
de r i v e d which gives the l i k e l y ' r a n g e of the noise voltage. 




fmax,fmin = the upper and lower frequency l i m i t s of 
observation r e s p e c t i v e l y . 
The noise model of the voltage sampling element, 
i n c o r p o r a t i n g the above noise sources, i s shown i n Figure 
2.22. I t can be seen t h a t a l l noise sources except the 
Johnson noise i n the se r i e s output resistance are r e f e r r e d 
t o the diode voltage. This l a t t e r , source appears i n series 
w i t h the output resistance and i t s c o n t r i b u t i o n depends on 
the c h a r a c t e r i s t i c s of the output stage. Table 2.6 l i s t s 
the magnitudes of these components f o r a t y p i c a l voltage 
sampling array w i t h the parameters shown there. 
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2.5. The Summary 
Si g n a l generation processes are e s s e n t i a l l y the 
same f o r both voltage sampling and recharge sampling arrays. 
The o v e r a l l c h a r a c t e r i s t i c s of the two types of array 
d i f f e r considerably, however, l a r g e l y due t o the extra non-
l i n e a r i t i e s inherent i n the voltage sampling array. Given 
these n o n - l i n e a r i t i e s , and the e x t r a chip complexity of the 
vol t a g e sampling array, a t f i r s t s i g h t the recharge sampling 
array i s more a t t r a c t i v e . There are some advantages t o the 
vo l t a g e sampling array. One of these i s t h a t the output i s 
i n a much more convenient : form. The other advantages l i e 
i n the o p p o r t u n i t i e s f o r on-chip a m p l i f i c a t i o n and co r r e l a t e d 
double sampling. The next chapter describes a diode array 
w i t h these f a c i l i t i e s . 
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CHAPTER THREE 
The Plessey/RGO Diode Array and the P r i n c i p l e s of 
i t s Operation 
I n t h i s chapter, the design and development of a 
new type o f l i n e a r MOS photodiode array w i l l be described, 
This a r r a y i s c l o s e l y r e l a t e d t o the voltage sampling 
arrays described i n Chapter 2, but possesses a number of 
advantages over these. 
3.1. The H i s t o r y of the Plessey/RGO Array P r o j e c t 
With the i n t r o d u c t i o n of commercially a v a i l a b l e 
l i n e a r photodiode arrays i n the e a r l y "Seventies", the 
astronomical community began t o i n v e s t i g a t e the a p p l i c a t i o n s 
of such devices t o o p t i c a l astronomy. The most r e a d i l y 
a v a i l a b l e devices were those produced by the Reticon 
Corporation"^^ i n the U.S.A., and these have been used by 
many workers both as a d i r e c t o p t i c a l imager and i n 
i n t e n s i f i e d form. The known users t o date (March-1979) are 
l i s t e d i n ~ Table 3-. 1. . 
Dr D.McMullan and others at the Royal Greenwich 
Observatory were I n t e r e s t e d i n using a diode array f o r 
readout of electronographic tubes, and were concerned t h a t 
the s i g n a l l e v e l from a s i n g l e photoelectron event would be 
i n s u f f i c i e n t t o overcome the readout noise. The use of higher 
p r e - a r r a y gain was not a t t r a c t i v e because t h i s would e n t a i l 
s u b s t a n t i a l re-design of the electronographic tube. There were 
also doubts about the l i f e t i m e of an array under bombardment 
w i t h higher energy e l e c t r o n s . The a l t e r n a t i v e was t o introduce 
a m p l i f i c a t i o n i n t o each element of the array, between the diode 
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This d i c t a t e d the use of voltage sampling elements. 
A s i n g l e element "array" was developed f o r the RGO by Plessey 
at the A l l e n Clark Research Centre, and t h i s was mounted f o r 
e v a l u a t i o n i n t o a Kron E l e c t r o n i c Camera tube. Tests on 
13) 
t h i s device showed t h a t s i n g l e e l e c t r o n counting was f e a s i b l e ' 
and the development of a l i n e a r array using such elements 
was commenced. 
Some of the e a r l y l i n e a r arrays were i n s t a l l e d i n 
e l e c t r o n o g r a p h i c tubes w i t h a c e r t a i n amount of success, 
but a f t e r a while i t was decided t o c a r r y out i n v e s t i g a t i o n s 
i n t o the use of the arrays f o r d i r e c t o p t i c a l imaging. 
At the time t h a t such t e s t s were being s t a r t e d , the 
Nuclear Ins t r u m e n t a t i o n Group at Durham U n i v e r s i t y , under 
Dr. J;M. Breare, were e x p l o r i n g the p o s s i b i l i t y of moving 
from t h e i r previous f i e l d of detectors f o r high-energy 
physics i n t o the development of detectors f o r astronomical 
imaging. I t was agreed t h a t the Durham Group should co-operate 
w i t h Dr. McMullan on the f u r t h e r development of these arrays, 
and i n t h e February of 1977, the author v i s i t e d the R.G.O. f o r 
p r e l i m i n a r y e v a l u a t i o n of the p r o j e c t , and returned t o Durham 
w i t h f o u r of the prototype arrays. Since t h a t time, the" 
development work has been c a r r i e d out w i t h i n the Nuclear 
I n s t r u m e n t a t i o n Group at Durham. The remainder of t h i s chapter 
describes the design c h a r a c t e r i s t i c s of the arrays themselves. 
The array possesses a number of novel features. These can 
be subdivided i n t o 3 regions, namely on-chip a m p l i f i c a t i o n , 
m u l t i p l e x i n g and scanning techniques, and array o r g a n i s a t i o n . 
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3.2. The A m p l i f i e d Array Element 
The c i r c u i t diagram representing the s i n g l e element 
" a r r a y " manufactured f o r i n i t i a l t e s t s i s shown i n Figure 
3.1. along w i t h i t s i d e a l i s e d operating cycle. The m u l t i -
p l e x i n g t r a n s i s t o r t h a t would be required i n a multi-element 
array i s not shown. Thus T2 here corresponds t o T l , the 
charging " s w i t c h " of the conventional voltage sampled 
element (Figure 2,9), and T3 i s the source f o l l o w e r " b u f f e r " 
stage. The a m p l i f i c a t i o n takes place i n T l . I t was seen i n 
Section 2.4.2, t h a t f o r a diode element of 250 )m x 50 jun, 
a t y p i c a l value f o r the diode capacitance C^^ i s 0,4 pF, whereas 
the gate capacitance of the source f o l l o w e r i s around 0.04pF! 
The a c t i o n of T l i s such t h a t the diode p o t e n t i a l V^^ i s main-
t a i n e d at a constant voltage V^^^ - Vrj, where i s the threshold 
v o l t a g e of the a m p l i f y i n g t r a n s i s t o r T l , and V „ i s the 
gate p o t e n t i a l a p p l i e d t o T l . F i r s t consider the e f f e c t on the 
r e s p o n s i v i t y and l i n e a r i t y . 
3.2.1. Responsivity and L i n e a r i t y 
Any diode c u r r e n t , from.either thermal leakage, 
photocurrent or from absorbed photoelectrons, discharges 
not the diode capacitance i t s e l f , but the gate capacitance 
of the source f o l l o w e r , which being smaller, consequently 
develops a g r e a t e r voltage change. Thus the equation f o r the 
diode v o l t a g e , which was p r e v i o u s l y (Equation 2.13). 
r t 
( t ) = V. DD 1 - A 
^Vg^ ^DD 
(Jp ^ J L ) 
o 
.dt 
now becomes, f o r the gate voltage V^, 
V = V G ( t ) DD 1 - A_ 
r t 
o 
( J ^ + J.) .dt (3.1) 
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Several p o i n t s a r i s e from t h i s . F i r s t l y , there i s 
an e f f e c t i v e voltage gain of Cj^+C^, which from the example 
above i s t y p i c a l l y 10. CZ~ 
G 
Secondly any b e n e f i t s of l a r g e r diode area are no 
longer negated by the associated increase i n diode 
capacitance. 
Some of the inherent n o n - l i n e a r i t i e s of conventional 
sampling arrays are removed. 
I n the conventional array, v a r i a t i o n s i n diode 
capacitance w i t h diode voltage introduced n o n - l i n e a r i t i e s . 
I n t h i s element, the s i g n a l voltage i s developed acoss C^ , 
the gate-capacitance. This i s a MIS ( m e t a l - i n s u l a t o r - s i l i c o n ) 
capacitance r a t h e r than a d e p l e t i o n l a y e r capacitance and 
as such i s not voltage dependent. 
Another problem i n the conventional array i s the 
v a r i a t i o n i n d e p l e t i o n l a y e r width w i t h diode voltage, 
which makes both the leakage current and the quantum 
e f f i c i e n c y f u n c t i o n s of the i n t e g r a t e d s i g n a l . I n the 
a m p l i f i e d element, the diode bias i s constant. Furthermore, 
the diode b i a s may be kept small, i n order t o reduce the 
leakage c u r r e n t ( r e f e r t o Equation 2.6). 
The above advantages are not obtained without draw-
backs, however. The chip complexity i s increased, not only 
by the a d d i t i o n a l device per element, but also by the 
a d d i t i o n of a e x t r a supply r a i l ( V ^ ^ ^ ) . This w i l l i n e v i t a b l y 
reduce y i e l d s . We must also consider the noise c h a r a c t e r i s t i c s 
of the new element. 
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3.2.2. Noise C h a r a c t e r i s t i c s 
Responsivity f i x e d p a t t e r n noise i s increased when 
compared w i t h the conventional voltage sampling array. I n 
the conventional array, r e s p o n s i v i t y i s independent of 
diode area. From Equation 3,1, t h i s can be seen t o no 
longer be t r u e , and v a r i a t i o n s i n diode area w i l l now 
c o n t r i b u t e t o r e s p o n s i v i t y v a r i a t i o n . I n the conventional 
a r r a y , v a r i a t i o n s i n r e s p o n s i v i t y due t o v a r i a t i o n s i n C^ , 
the gate capacitance of the source f o l l o w e r , were 
"damped", by the presence of the l a r g e r diode capacitance 
i n p a r a l l e l . From Equation 2.28, 
AG (C^) = ^^G 
and t h i s now becomes f o r the a m p l i f i e d element, 
A G (C„) = ^^G (3.2) -G G ^ 
Thus t h i s component of r e s p o n s i v i t y f.p.n. i s 
increased by the "gain", f a c t o r . 
Random noise i s also a f f e c t e d . Referring noise sources 
now t o the gate voltage of the source f o l l o w e r , then the 
thermal leakage shot noise and the charge piunping shot noise 
now becomes ( c f . Equations 2.47 and 2.48). 
and 
- 85 -
Thus these noise components have simply been 
increased by the "gain" f a c t o r , so there i s no change i n 
s i g n a l - t o - n o i s e r a t i o . 
For the reset noise, however, Equation 2.49 now 
becomes :-
kT \ ( r e s e t ) = (3.5) 
'G 
an increase equivalent t o only the root of the "gain" f a c t o r . 
There i s now an a d d i t i o n a l MOS t r a n s i s t o r i n the 
s i g n a l chain ( t h e " a m p l i f y i n g " t r a n s i s t o r , T l ) i n which 
generation-recombination and l / f noise a r i s e . These components 
w i l l be s i m i l a r t o those a r i s i n g i n the source f o l l o w e r 
14) 
t r a n s i s t o r \ and r e f e r r i n g back t o Table 2.6, i t i s 
apparent t h a t t h i s more than o f f s e t s the reduced reset noise. 
I n general then, both f i x e d p a t t e r n noise and random 
noise are worse i n the a m p l i f i e d element than i n the 
conventional counterpart. The time response of the c i r c u i t i s 
also worsened. I t w i l l be shown (p.89) t h a t double sampling 
can be used t o reduce the random and f i x e d p a t t e r n noise. 
3.2,3, Response Time 
The time response of the element i s best i l l u s t r a t e d 
by c o n s i d e r i n g a step i n j e c t i o n of c a r r i e r s i n t o the diode, 
such as would be caused by sudden exposure t o l i g h t , or by the 
abs o r p t i o n of a photo-electron. 
I n general, the current through T l , t h a t i s the 
c u r r e n t through the diode, can be described by the usual 




where V i s t h e e f f e c t i v e g a t e v o l t a g e , 
W i t h o n l y leakage c u r r e n t f l o w i n g i n t h e diode , 
t h e n t h e e f f e c t i v e , g a t e v o l t a g e has a steady v a l u e V. 
g i v e n by :- E(o) 
!2r 
'E(o) 
A s t e p i n j e c t i o n o f c a r r i e r s i n t o t h e diode w i l l r e s u l t 
i n a l o s s o f charge AQ f r o m t h e charge s t o r e d on t h e diode 
c a p a c i t a n c e . T h i s charge w i l l be. r e p l e n i s h e d by an i n c r e a s e 
i n t h e c u r r e n t t h r o u g h T l . 
I f a t a t i m e t , a c e r t a i n f r a c t i o n of. o f t h i s charge 
has been r e p l a c e d , t h e n t h e i n s t a n t a n e o u s e f f e c t i v e gate 
v o l t a g e w i l l be :-
V t ) = \(o) ^ ( l - ' ^ ) ^ 
and t h e c u r r e n t t h r o u g h T l i s now :-




I n t e g r a t i n g t h e above t o o b t a i n << , t h e f r a c t i o n o f 
15) 
charge t r a n s f e r e d a t a t i m e t , g i v e s ^ 
o( = ( ( e x p */B) -1) (1 + I ) 





A = 20,^ and B = Cp 
/^Q -l2I,(9 
when = o, t h i s s i m p l i f i e s t o 
(*/B) (1+ B) 
A 
(1 +. B ) ( l + t ) - B 
A B A 
1 + ( A / t ) 
(3.7) 
The a b s o r p t i o n o f a p h o t o e l e c t r o n o f energy 20 keV 
would be ex p e c t e d t o gene r a t e a s t e p s i g n a l o f about 
6000 c a r r i e r s (assuming 3.5 e V / e l e c t r o n h o l e p a i r ) . F i g u r e 
3.2. shows t h e f r a c t i o n ' o f such a charge t r a n s f e r r e d a f t e r 
2 
t i m e t f o r a d i o d e c a p a c i t a n c e o f 0.4 pF, p = 4 yAjl and 
leakage c u r r e n t s o f 5 10^, 5 10^ and 0 c a r r i e r s / s e c o n d . 
T h i s f i g u r e i n d i c a t e s t i m e c o n s t a n t s o f t h e o r d e r o f 
hundreds o f microseconds. For s m a l l e r i n j e c t i o n s o f charge, 
t h e t r a n s f e r i s s l o w e r . T h i s p o i n t s t o a p o s s i b i l i t y o f 
l a g problems f o r s m a l l s i g n a l s i n c o o l e d a r r a y s . I n f a c t a t 
low t e m p e r a t u r e s a d d i t i o n a l slow t i m e ' c o n s t a n t s come i n t o 
e f f e c t . These w i l l be mentioned l a t e r . 
1.0 




FlQ 3.2 oC AS FUNCTION OF TIME FOR L E ^ K ^ 6 E 
CURRENTS OF '») 5 x i 0^ Cacrruers /scc . 
Vi) 5 > t ^ 0 * c a ^ r r l e r s / s e c . 
l i i ) O 
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3.3. M u l t i p l e x i n g and Scanning Techniques ' 
The m u l t i p l e x i n g o f t h e Plessey a r r a y i s r a t h e r 
u n i q u e , i n t h a t d iodes are addressed as p a i r s . T h i s w i l l 
be e x p l a i n e d i n d e t a i l i n a l a t e r s e c t i o n , as t o i n c l u d e i t 
now would obscure d i s c u s s i o n o f some o f t h e o t h e r t e c h n i q u e s 
t o be d e s c r i b e d . 
I n a c o n v e n t i o n a l v o l t a g e sampling a r r a y , t h e recharge 
p u l s e f o r an element, m, i s t a k e n from t h e (m+1) t h b i t o f 
t h e scanning; r e g i s t e r , as shown i n F i g u r e 2.19. I n o t h e r 
words, r e c h a r g e and rea d o u t a r e i n s e p a r a b l e , w i t h each element 
b e i n g r e c h a r g e d i m m e d i a t e l y a f t e r i t has been re a d o u t . 
I n t h e P l e s s e y a r r a y , t h e recharge can be c o n t r o l l e d 
i n d e p e n d e n t l y o f t h e r e a d o u t . T h i s c o n s i d e r a b l y i n c r e a s e s t h e 
v e r s a t i l i t y o f t h e a r r a y and g i v e s r i s e t o two u s e f u l 
t e c h n i q u e s , namely double s a m p l i n g and n o n - d e s t r u t t i v 6 readout 
3.3.1. Double Sampling 
The concept o f double s a m p l i n g i s i l l u s t r a t e d i n 
F i g u r e 3.3.. A re c h a r g e p u l s e and an, address p u l s e are a p p l i e d 
t o t h e element d u r i n g t h e same phase o f t h e s h i f t r e g i s t e r 
c y c l e . The re c h a r g e p u l s e i s s h o r t e r than t h e address p u l s e 
and o c c u r s w i t h i n i t , as shown. 
D u r i n g t h e f i r s t p a r t o f t h e o u t p u t waveform, from 
t i m e t ^ t o t ^ ^ t h e o u t p u t v o l t a g e i s a p p r o x i m a t e l y p r o p o r t i o n a l 
t o "the i n t e g r a t e d l i g h t f l u x s i n c e t h e l a s t recharge. At t i m e 
t^, t h e g a t e c a p a c i t a n c e i s recharged t o V^^j^, and f o r t i m e 
*2 *° *3' o u t p u t v o l t a g e r e p r e s e n t s t h e recharged, o r no 
l i g h t s t a t e . There e x i s t s some sl o p e on these o u t p u t l e v e l s 
due t o t h e e f f e c t s o f i l l u m i n a t i o n and t h e r m a l leakage c u r r e n t s 
d u r i n g t h e address p u l s e . The o u t p u t s i g n a l has now been 
sampled b o t h i m m e d i a t e l y b e f o r e and a f t e r t h e recharge p u l s e . 
By s u b t r a c t i n g t h e two s i g n a l s i n the e x t e r n a l p r o c e s s i n g 
e l e c t r o n i c s , a l l f i x e d p a t t e r n o f f s e t . n o i s e can be removed from 
t h e o u t p u t s i g n a l . 
C H A . R S E P U L S E O V 
A D D R E S S P U L S E O V 
O V 
V I D E O O U T P U T 
F E E D T H R O O Q H O F 
C H A R G E P U L S E 
^ S L O P E D U E T O 
L E A K A G E C U R R E N T 
F I C A 3.3 D O U B L E S A M P L I N G 
C H A R Q E P O I S E , 
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A f u r t h e r and p o t e n t i a l l y more v a l u a b l e b e n e f i t i s 
d e r i v e d f r o m double s a m p l i n g , namely t h e r e d u c t i o n o f low 
f r e q u e n c y components o f random n o i s e . Components o f n o i s e 
w i t h a p e r i o d o f g r e a t e r t h a n t h e w i d t h o f t h e charge p u l s e 
( o r more s t r i c t l y i n any p r a c t i c a l system,: g r e a t e r than t h e 
s a m p l i n g i n t e r v a l ) w i l l be h i g h l y c o r r e l a t e d between the two 
samples and w i l l t h e r e b y be reduced by t h e s u b t r a c t i o n o f 
t h e two samples. 
Double s a m p l i n g w i l l n o t reduce t h e shot n o i s e components 
o f t h e leakage c u r r e n t , nor t h e Johnson n o i s e on t h e s e r i e s 
o u t p u t r e s i s t a n c e , as t h e s e have an e s s e n t i a l l y " w h i t e " 
spectrum. 
Charge pumping sho t n o i s e and r e s e t n o i s e are f u n c t i o n s 
o f t h e r e c h a r g i n g mechanism i t s e l f , and are q u a n t i s e d a t t h e 
f a l l i n g edge o f t h e r e c h a r g e p u l s e , r e s u l t i n g i n random o f f s e t s 
w h i c h are t i m e i n v a r i a n t u n t i l t h e n e x t recharge p u l s e . Thus 
n e i t h e r o f these can be reduced by double sampling. 
3.3.2. Non D e s t r u c t i v e Readout 
Independent access t o t h e recharge p u l s e leads 
t o t h e p o s s i b i l i t y o f n o n - d e s t r u c t i v e readout o f t h e a r r a y . 
P r o v i d e d t h a t t h e frame t i m e , t h a t i s t h e t i m e t a k e n t o scan 
t h e a r r a y once, and w h i c h h i t h e r t o has n e c e s s a r i l y been equal 
t o t h e i n t e g r a t i o n t i m e , i s s m a l l compared t o t h e t i m e t a k e n 
f o r t h e a r r a y t o s a t u r a t e , t h e n t h e recharge p u l s e can be o m i t t e d 
f o r one o r more such frames. Such a sequence f o r a s i n g l e 
element i s shown i n F i g u r e 3.4. 
I n t h i s way, t h e decay o f v o l t a g e on C^ can be m o n i t o r e d 
w i t h o u t r e c h a r g i n g , and t h e i n t e g r a t i o n t i m e can be a d j u s t e d 
t o p r o v i d e maximum s i g n a l w i t h o u t s a t u r a t i o n , and t h e r e f o r e a 
h i g h s i g n a l - t o - n o i s e r a t i o . 
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F u r t h e r m o r e , i t was shown i n Chapter One and 
Appendix A, t h a t by a v e r a g i n g a number o f succe s s i v e 
n o n - d e s t r u c t i v e r e a d o u t s , t h a t t h e e f f e c t i v e random 
n o i s e can be reduced, t h e r e b y i m p r o v i n g D e t e c t i v e 
Quantum E f f i c i e n c y . 
3.3.3. M u l t i p l e x i n g C i r c u i t r y 
The c i r c u i t r y by which double sampling and non.-
d e s t r u c t i v e r eadout are f a c i l i t a t e d i s shown i n F i g u r e 
3 . 5 . As i n t h e c o n v e n t i o n a l a r r a y , t h e s e l e c t p u l s e 
f r o m t h e s c a n n i n g r e g i s t e r s w i t c h e s a m u l t i p l e x i n g 
t r a n s i s t o r ( i n t h i s case T 5 ) , c o n n e c t i n g t h e o u t p u t o f 
t h e source, f o l l o w e r T3.onto t h e v i d e o l i n e . The same 
s e l e c t .pulse a l s o s w i t c h e s t r a n s i s t o r T4, which connects 
t h e charge p u l s e l i n e t h r o u g h t o t h e gate o f T2, t h e 
r e - c h a r g e t r a n s i s t o r . At t h e a p p r o p r i a t e t i m e , a p u l s e i s 
a p p l i e d t o t h e charge p u l s e l i n e - r e c h a r g i n g t h e s e l e c t e d 
element. 
Non d e s t r u c t i v e r e a d o u t i s achieved s i m p l y by n o t 
a p p l y i n g t h e p u l s e s t o t h e charge p u l s e l i n e . 
3.3.4. The Scanning R e g i s t e r 
The s c a n n i n g r e g i s t e r used i n t h e Plessey a r r a y i s 
o f t h e " b o o t s t r a p p e d " MOS v a r i e t y as d e s c r i b e d i n Chapter 2.3.5, 
The c i r c u i t r y o f t h i s r e g i s t e r i s shown i n F i g u r e 3.6., and i s 
a d e s i g n developed by P l e s s e y '. The " b o o t s t r a p p i n g " i s 
a c h i e v e d u s i n g a c a p a c i t o r r a t h e r t h a n w i t h a v a r a c t o r as 
i n t h e c i r c u i t o f F i g u r e 2.17. 
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Consider Sg, t h e o u t p u t from t h e second stage, 
assuming t h e r e has been as o u t p u t from t h e p r e v i o u s 
s t age ( S j ) d u r i n g 0 1. T h i s w i l l have charged up 
c a p a c i t o r s Cg t o V', which w i l l h o l d TSg on. Without 
b o o t s t r a p p i n g , d u r i n g ^2, would charge up t o V' - V_ 
t h r o u g h TSg. The b o o t s t r a p c a p a c i t o r feeds t h r o u g h a s u f f i c i e n t , 
f r a c t i o n o f t h e v o l t a g e swing t o overcome t h e t h r e s h o l d , 
and Sg i s charged up t o t h e f u l l c l o c k v o l t a g e V^. Meanwhile, 
TTg W i l l have charged, up C^,the c a p a c i t o r o f t h e next s t a g e , 
t o - V^. At t h e end o f ^2, i s d i s c h a r g e d t h r o u g h TSg, 
w h i c h c o n d u c t s u n t i l i s d i s c h a r g e d by T62, T92 p r e v e n t s 
b u i l d up o f e x c e s s i v e p o t e n t i a l on due t o charge pumping 
i n T7^. 
There a r e a number o f reasons why t h i s c i r c u i t i s 
p a r t i c u l a r l y s u i t e d t o d i o d e a r r a y a p p l i c a t i o n s . Power 
2 
d i s s i p a t i o n i s l i m i t e d t o P = CV f ( t h a t i s , t h e r e i s no. d.c. 
d i s s i p a t i o n ) . The o n l y power l i n e s r e q u i r e d are t h e c l o c k 
l i n e s t h e mselves, hence r e d u c i n g l a y o u t c o m p l e x i t y . High 
s c a n n i n g r a t e s (up t o lOMHz) are a c h i e v a b l e . A l s o , t h e 
s c a n n i n g p u l s e s s u p p l i e d t o t h e a r r a y elements have t h e 
same w i d t h and a m p l i t u d e as t h e c l o c k phases, a l l o w i n g 
c o n s i d e r a b l e e x t e r n a l c o n t r o l over t h e o p e r a t i o n o f t h e 
r e g i s t e r . 
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3.4. O r g a n i s a t i o n and Layout o f t h e Plessey A r r a y 
F i g u r e 3.7 shows an o v e r a l l view o f t h e Plessey a r r a y 
as used f o r o p t i c a l i m a g i n g . T h i s can be compared w i t h t h e 
p h o t o g r a p h o f t h e d e v i c e i n F i g u r e 3.8. The d e v i c e s are 
a r r a n g e d e l e c t r i c a l l y as f o u r a r r a y s o f 256 diodes each, 
m e c h a n i c a l l y l a i d o u t as 2 p a r a l l e l l i n e s o f 512 diodes 
each. T h i s arrangement i s designed t o f a c i l i t a t e t h e 
r e c o r d i n g o f a s t e l l a r spectrum on one l i n e , and a "sky 
background" spectrum on t h e second l i n e . The s i l i c o n " c h i p " 
on w h i c h t h e d e v i c e s a r e f a b r i c a t e d i s mounted onto a 24 p i n 
DIL header, and t h e a r r a y i s covered w i t h a t h i n q u a r t z window. 
3.4.1, G e o m e t r i c a l Layout and E l e c t r i c a l I n t e r c o n n e c t i o n 
I n o r d e r t o a c h i e v e t h e d e s i r e d 4 5 ^ p i t c h , each 
" l i n e " o f 256 d i o d e s i s l a i d out as two i n t e r l a c e d a r r a y s 
of 128 d i o d e s each, w i t h t h e c i r c u i t r y a s s o c i a t e d w i t h 
each a r r a y mounted on o p p o s i t e s i d e s o f t h e l i n e o f d i o d e s . 
T h i s can be seen f r o m t h e photograph o f F i g u r e 3.9, and 
F i g u r e 3.10, a s i m p l i f i e d l a y o u t diagram. 
T h i s shows t h e " l e f t hand" end o f t h e a r r a y , t h a t i s 
l i n e 1 ( d i o d e s A l t o A256) and l i n e 2 ( d i o d e s B l t o B256). 
The d i o d e s are l a i d o u t on a 4 5 ^ p i t c h . By l a y i n g o u t t h e 
a s s o c i a t e d c i r c u i t r y on a l t e r n a t e s i d e s o f t h e a r r a y as shown, 
a space o f 90 ^m i s a v a i l a b l e f o r t h e r e g i s t e r element and 
s w i t c h i n g t r a n s i s t o r s . 
The " c h i p " i s e n t i r e l y s y m m e t r i c a l around t h e c e n t r e 
l i n e shown on F i g u r e 3.10. The l e f t and r i g h t hand s i d e s are 
t o t a l l y i s o l a t e d e l e c t r i c a l l y . Each l i n e o f 256 diodes has i t s 
own v i d e o o u t p u t l i n e . The c i r c u i t s on t h e l e f t hand s i d e o f 
t h e a r r a y , t h a t i s t h e upper and lower s e c t i o n s o f A( 1-256) and 
B( 1-256), a l l share t h e same Vj.g-f, V^j^ ^ 1 , 02 and Load S h i f t 
R e g i s t e r (LSR) l i n e s . These have been o m i t t e d from t h e diagram 
f o r c l a r i t y . I t i s t h e v i d e o and charge p u l s e l i n e s w h i c h are 
o f i n t e r e s t . 
V I D E O 2 V I D E O 1 ( B i -B25&) ( D I O D E S A^-^^56) 
1 H 
P I N S 
SILICX>NCHIP 
D I O D E S 
2 4 P l W 
M E A D E R 
- 2 4 
V I D E O 4 
( B 2 5 7 - - B 5 1 2 ) 
V I D E O 3 
P I N F U N C T I O N 
i V I D E O 1 
2 V I D E O 2 
3 
4 
5 V R E F 
G V D D 
7- V D D 
8 V R E F 
9 
V1 D E O 4 
u V I D E O 3 
1 2 S U B S T R 
«3 S U B S T R . 
i 4 L .S.R 
1 6 C P ! 
t? C P 2 
0 2 
0 1 
20 0 I 
21 0 2 
2 Z C P S 
25 C P t 
2 4 L.SR. 
F I G 3.7 L A V O U T A.ND PIM CONNECTIONS OF P L E S 5 E Y / R G O 
A R R / ^ Y OKI 2 4 P\N H E A D E R 
FIG.3.8 
FIG.3.9 
V I D E O 1 
C P 2 
C P 1 
V i D E o 2 o -
5: 
led j ; . r — I T - ^ i — 1 I — I r-^r—I i - ^ f — 
D I O D E S A M P L I P I E R E T C S C A N N I N G R E G I S T E R 
( W I T H D I R E C T I O N OF S C A N ) 
F I G 3.i0. I N T E R L A C I N G OF E L E M E N T S 
( V I D E O L I N E S 1 8 i 2 ) 
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Note t h a t each " s i d e " o f ah a r r a y i s served by a 
d i f f e r e n t charge p u l s e l i n e . Odd numbered elements are 
connected t o l i n e CPl, and even numbered elements t o l i n e 
CP2. 
Now c o n s i d e r t h e scanning o f L i n e 2, t h a t i s diodes 
B l t o B256. Scanning i s i n i t i a t e d by a Load S h i f t R e g i s t e r 
(LSR) p u l s e . B o t h t h e upper and lower r e g i s t e r s t h e n c l o c k 
a t t h e same r a t e and s i m u l t a n e o u s l y . Thus d u r i n g t h e 
f i r s t 01 c l o c k phase, diodes B l and B2 are addressed t o g e t h e r , 
T h e i r v i d e o l i n e s a r e common, however. The way i n which t h e 
i n f o r m a t i o n c o n t e n t o f t h e two diodes i s s e p e r a t e d i s 
d i s c u s s e d i n t h e n e x t s e c t i o n . However, b e f o r e l e a v i n g t h e 
s u b j e c t o f c h i p l a y o u t , i t i s i n t e r e s t i n g t o compare t h e 
schematic o f F i g u r e 3,10 w i t h t h e x-r a y photograph o f 
F i g u r e 3.11. T h i s shows a s m a l l p o r t i o n a t t h e bottom l e f t 
c o r n e r o f t h e c h i p . The v a r i o u s l i n e s and areas o f i n t e r e s t 
a re marked on t h i s p h o t o g r a p h . Note t h e d e v i c e between t h e 
bondi n g pad f o r V^^^ and t h e l i n e i t s e l f . T h i s i s a gate 
p r o t e c t i o n d i o d e t o p r e v e n t damage t o any gates b r o u g h t o u t 
t o e x t e r n a l p i n s f r o m f l o a t i n g p o t e n t i a l s o r s t a t i c charges. 
3.4.2. Diode P a i r i n g 
Because o f t h e i n t e r l a c i n g d e s c r i b e d above, t h e 
v i d e o o u t p u t s o f a d j a c e n t elements such as B l and B2 are 
p r e s e n t e d o n t o a common v i d e o l i n e s i m u l t a n e o u s l y . I n d i v i d u a l 
s i g n a l s can be r e c o v e r e d by a p p r o p r i a t e t i m i n g o f t h e charge 
p u l s e s CPl and CP2. T h i s i s i l l u s t r a t e d i n F i g u r e 3.12. The 
f o l l o w i n g d i s c u s s i o n assumes t h a t t h e v i d e o l i n e a c t s as a t r u e 
v o l t a g e summing j u n c t i o n . The v a l i d i t y o f t h i s assumption w i l l 
be examined l a t e r . 
• 
^ ^ J U ^ E V I C E LAYOUT 
0 1 
0 e 
C P I 
C P 2 




F i e 3.12 T H E U S E OF TWO CH^R6E P U L S E L INES 
T O A C H I E V E I N T E R L A C m G 
- 94 
At the beginning of the r e l e v a n t clock phase 
(^1 f o r diode elements Bl and B2), the output voltages 
from the two elements are added together and th e r e f o r e 
the v o l t a g e on the video l i n e i s :-
where i s the voltage on the video l i n e u n t i l time t ^ 
^XA voltage at the output of element A 
( i n t h i s case B l ) f o l l o w i n g an exposure. 
i s the voltage at the output of element B 
( i n t h i s case B2) f o l l o w i n g exposure. 
At a time t ^ i n s i d e the clock phase ^ 1 , 
a charge pulse on l i n e CPl recharges the element A 
t o i t s recharged p o t e n t i a l Vj^^. 
The voltage on the video l i n e i s now 
V =. V + V ^2 R^A X^B 
At a l a t e r time t ^ ^ , s t i l l w i t h i n the clock phase (pi, 
a charge pulse on l i n e CP2 recharges element B up t o i t s 
recharge output p o t e n t i a l V^ g^, and thus now the voltage 
on the video l i n e i s :-
V = V + V ^3 R^A R^B 
The i n d i v i d u a l s i g n a l s can be recovered by s u b t r a c t i n g 
l e v e l s from each other. For example, the s i g n a l l e v e l on 
element A i s :-
V = V - V SA X^A R^A 
- (3.8 ( a ) ) 
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and f o r element B 
V = V - V SB X^B R^B 
= - V 3 (3.8 ( b ) ) 
As mentioned p r e v i o u s l y , t h i s treatment assumes tha t 
the video l i n e acts as a t r u e voltage summing j u n c t i o n . Now 
consider how v a l i d t h i s assumption i s f o r some p r a c t i c a l 
output c i r c u i t s . 
The general case i s represented by Figure 3,13 ( a ) . 
This shows the output c i r c u i t s of the two elements as source 
f o l l o w e r s w i t h a gate voltage , connected t o the ex t e r n a l 
load through r e s i s t o r s R^ ,^ representing the "on" resistance 
of the video m u l t i p l e x i n g t r a n s i s t o r s . We wish.to derive 
the output v o l t a g e i n terms of the two gate voltages V^^ 
and V-,„. I n order t o s i m p l i f y the d e r i v a t i o n s , we replace 
the gate voltages V^^, V^g w i t h e f f e c t i v e gate voltages 
V, and V„, where 
" ^GA " ^TA 
^B = \b - ^TB 
where V^^ and V^ pg are the th r e s h o l d voltages of the two 
source f o l l o w e r s . We w i l l also assume t h a t the two 
elements have i d e n t i c a l c h a r a c t e r i s t i c s thus. 
|2A = ^ B 
V = V ^TA TB 






(a) G E N E R A L C A . S E 
DD 
V B = V Q B - V T B 
( b ) S l M P H P l E D V IRTUAL EARTH LOAD 
V A , 0 1 L J V B 
o O 
DD O V D I 
( C ) R E S I S T I V E L O A D (d) C U R R E N T S O U R C E L O A D 
F l Q 3 . 1 3 SUMMING JUNCT^ONSWITHV^RlOUSLO^DS 
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These are obviously never t r u e i n p r a c t i c e . However, 
the r e s u l t s of the d e r i v a t i o n s w i l l serve t o i l l u s t r a t e 
the r e l a t i v e m e r i t s and demerits of the three possible 
types of e x t e r n a l load, namely the v i r t u a l e a r t h , the 
r e s i s t i v e load and the constant current load. 
F i r s t , the v i r t u a l earth load as i l l u s t r a t e d i n 
Figure 3.13 ( b ) . 
R e c a l l i n g the i d e a l MOS Equations 
= I V / and I3 = I v/ 
now. 
^o = - ( ^ A ^ ^ B ) R F 
= pR 
^ ( V V ) (3.9) 
This r e s u l t shows two p o i n t s of i n t e r e s t . The f i r s t 
i s the square law r e l a t i o n s h i p , This i n f a c t a r i s e s from 
the over s i m p l i f i c a t i o n of making R^  zero. The t r u e 
r e l a t i o n s h i p i s c l o s e r t o t h a t derived i n Chapfer 2 
(Equation 2.22). However, what i s apparent i s t h a t the output 
voltage i s i n f a c t a t r u e sum of the voltages t h a t would be 
obtained from each element separately. A more preci s e treatment, 
i n c l u d i n g the non-zero value of R^  has been derived by 
A . W . Campbell . 
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The r e s i s t i v e load case i s i l l u s t r a t e d i n 
Figure 3.13 ( c ) . Here 
and = ( 1 ^ ^ I g ) 
This gives the quadratic equation 
Solving f o r V^, we have 
° 2 
(3.10) 
/SRj 2„ 2 - - V 
For the constant c u r r e n t load as i n Figure 3.13 ( d ) , 
^ A = e ( ' A - ^o'"- = I ( ^ A - 'o'' 
and I = i . + o = A^ " ^ 
g i v i n g the quadratic equation 
S o l v i n g f o r V^, 
° 2 ^A ^B -
(3.11) 
Note t h a t as would be expected,the l i m i t i n g case of the 
r e s i s t i v e load as R.-* od leads t o the same r e s u l t as the 
L I 
constant c u r r e n t load as 0. 
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R e f e r r i n g t o Eqlaations 3.10 and 3.11 above, note 
the presence of the (V. - V„) term. This severly l i m i t s 
the summing a b i l i t y and dynamic range of the r e s i s t i v e and 
constant c u r r e n t loads. The p h y s i c a l c o n s t r a i n t s on the 
c i r c u i t do not permit the output voltage t o be opposite 
i n s i g n t o V^^j or t o be complex. 
The c o n s t r a i n t s imposed by the above are, f o r 
the r e s i s t i v e load. 
2(^A ^B^ 1 2 (3.12) 
and f o r the constant current load 
" o * » * 2I„ (3.13) 
An i l l u s t r a t i o n of the summing a b i l i t i e s of these 
various loads can be seen i n Figure 3.14 
The s i t u a t i o n represented here i s shown i n ( a ) . Vj^^ 
i s lOV, i s 4V. The two elements A and B have been 
discharged by equal amounts t o V„. = V„„ = 8V, or an e f f e c t i v e 
UA Kjti 
gate v o l t a g e ~ ~ The f i r s t recharge pulse restores 
the gate v o l t a g e of element A t o V^^j^ ( V^ = 6V, Vg = 4V). The 
second recharge pulse restores the gate voltage of element B 
*° (V^ = 6V, Vg = 6V). 
For the cases shown i t can be :seen t h a t the constant 
c u r r e n t load ( F i g u r e 3.14(b)) and the r e s i s t i v e load 
( F i g u r e 3.14(c)) both underestimate the second voltage 
change. As expected, the v i r t u a l e a r t h load behaves as 
a p e r f e c t summing j u n c t i o n . 
V G A 
V G B 
l O v -
(a ) G A T E V O L T A G , E S 
Vc 
5 v -
I Q = 8 ^ A 
(b) O U T P U T F R O M C O M S T A M T C U R R E N T L O A D 
0 -
5 v -
R, = i M i l 
( C ) O U T P U T P R O M R E S I S T i V E L O A D 
Rp= 3okLn. 
Sv -
(d) O U T P U T F R O M V I R T U A L E A R T H LOAD 
F l Q 3.1 A- SUMMING ABILITY OP DIPFERENT LOADS,SHOWING 
T H E OUTPUT WAVEFORMS E X P E C T E D A F T E R 
I D E N T i C A L DISHARGE OF BOTH DIODES. 
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I t appears then t h a t the nature of the diode-
p a i r i n g i n the Plessey array w i l l f orce the choice of 
a v i r t u a l e a r t h output c i r c u i t i n order t o permit c o r r e c t 
e x t r a c t i o n of data from both diodes. 
A f u r t h e r p o i n t a r i s e s from the diode p a i r i n g . 
I f the a r r a y i s used i n the non-destructive read mode 
as described i n Section 3.3.2., then the diode s i g n a l s 
are a v a i l a b l e only as p a i r s because of the absence of 
charge pulses. Thus although NDRO i s s t i l l f e a s i b l e , 
the s p a t i a l r e s o l u t i o n i s now worse by a f a c t o r 2. 
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3.5. Manufacturing Process Parameters 
The Plessey arrays, also known as the H509 array 
w i t h i n Plessey, were manufactured on 2 inch s l i c e s , w i t h each 
s l i c e c o n t a i n i n g about 12 complete 4 x 256 arrays, 





process , some of the parameters of which are l i s t e d i n 
The p h y s i c a l sizes of the devices used i n the array 
are l i s t e d i n Table 3.3., using the terminology of Figure 3.5 
f o r i d e n t i f i c a t i o n of devices. 
From these parameters, the diode capacitance Cg can 
be c a l c u l a t e d as approximately 0.9 pF at pV. Plessey quote 
a t y p i c a l value of 1 2 pF, w i t h a value of C^ , the gate 
capacitance of the source f o l l o w e r as t y p i c a l l y one-tenth 
of t h i s 
PARAMETER MIN. T Y P . MAX. UNITS 
1-2 2-5 V 
t e m p Coeff VJQ -0-2 
Bo 4 8 
j i A / V ' 
Temp Coef f Bg -0 -33 %/°C 
GATE CAPACITANCE 3x10 * pF/)im^ 
F I E L D CAPACITANCE 4x10^ pF/;im^ 
D I F F U S I O N 
P E R I P H E R Y 
C A P A C I T A N C E 
5 x 1 0 * pF/fim 
D I F F U S I O N 
A R E A 
C A P A C I T A N C E 
1 x 1 0 * pF/^m^ 
T A B L E 3 . 2 . MNOS IB PROCESS PARAMETERS 
DEVICE LENGTH WIDTH UNITS 
D 222 40 
T l 12 8 
12 12 8 
T3 8 8 ym 
T4 12 24 }im 
T5 8 24 jim 
T 6 12 8 
T7 12 8 
T8 12 24 )im 
T 9 12 8 
T R A N S I S T O R D I M E N S I O N S R E F E R TO C H A N N E L 
TABLE 3.3. DRAWN D E V I C E S I Z E S 
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3.5. Summary 
The Plessey array demonstrates a number of novel 
s\ f e a t u r e s , i n c l u d i n g on-chip amplication at each element, 
A ~ 
double sampling and non-destructive readout. The two l a t t e r 
techniques are >extremely promising when considering the 
s u i t a b i l i t y of the array f o r o p t i c a l imaging. 
The array was designed f o r the d e t e c t i o n of photo-
e l e c t r o n events, and was intended t o be used i n a simple 
counting mode t o d i s c r i m i n a t e between "event"/"no-event". 
I t was feared t h a t the s i g n a l produced by a s i n g l e photo-
e l e c t r o n would be i n s u f f i c i e n t t o permit g a t i n g d i r e c t l y 
by the s h i f t r e g i s t e r . For this.reason, the a m p l i f i e r 
was added t o the basic element. 
The a m p l i f i e r i s o f mixed b e n e f i t when used f o r 
o p t i c a l imaging. There i s some increase i n noise. The 
diode b i a s voltage i s held constant throughout exposure, 
e l i m i n a t i n g some of the n o n - l i n e a r i t i e s inherent i n 
conventional arrays. The charge t r a n s f e r r a t e 
through the a m p l i f i e r t r a n s i s t o r i s slow at low s i g n a l l e v e l s 
and could p o s s i b l y lead t o l a g problems. 
The p a i r i n g of diodes also has drawbacks when aiming 
f o r good l i n e a r i t y . A v i r t u a l e arth a m p l i f i e r at the output i s 
e s s e n t i a l t o achieve c o r r e c t summing. I n Chapter Two, i t 
was seen t h a t the v i r t u a l e arth output c i r c u i t c o n t r i b u t e s t o 
n o n - l i n e a r i t y and an increase i n f i x e d p a t t e r n noise. None of 
these problems of course would a f f e c t the operation of the 
array f o r i t s designed purpose of photoelectron counting. 
I t i s i n t e r e s t i n g t o note t h a t s i n g l e photoelectron 
c o u n t i n g has since been demonstrated w i t h unamplified recharge 
10, 11) 
sampling arrays 
S C I E N C E 
2 2FEB 1982 
S E C T I O N 
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CHAPTER FOUR 
The Co n t r o l and Data A c q u i s i t i o n Syst em 
P r i o r t o undertaking any experimental work on 
the Plessey arrays, i t was necessary t o develop some 
c o n t r o l and readout system f o r operating the devices. 
Some o f the e l e c t r o n i c s r e q u i r e d was already i n existence, 
at the time the Durham group became involved i n the p r o j e c t . 
This had been developed f o r the " i n t e n s i f i e d " array work at 
the R.G.O., and much of t h i s was used i n e a r l y experiments 
at Durham. I t was obvious, however, t h a t a new c o n t r o l 
and a c q u i s i t i o n system would have t o be developed i n order, 
t o apply the array t o o p t i c a l imaging work. Design and 
development was s t a r t e d on t h i s system at the commencement 
of the p r o j e c t , simultaneously w i t h experimental work on 
the array i t s e l f . Consequently much of the ear l y l a b o r a t o r y 
t e s t i n g of the devices was done w i t h somewhat crude c o n t r o l 
equipment and almost e x c l u s i v e l y w i t h oscilloscope 
observation of the array outputs. The computerised c o n t r o l 
system described here was completed only a few days p r i o r 
t o o p e r a t i o n of the array at the 30 inch telescope of the 
R.G.O. du r i n g August 1978. For completeness, b r i e f mention 
w i l l be made at the end of t h i s Chapter of the system 
c o n f i g u r a t i o n s used p r i o r t o the implementation of the 
f u l l c o n t r o l and a c q u i s i t i o n package. 
4.1. System Requirements and S p e c i f i c a t i o n s 
Diode arrays, and other s o l i d s t a t e imaging devices 
are f r e q u e n t l y operated p u r e l y under hardware c o n t r o l , w i t h 
analog s i g n a l processing and an analog f i n a l output. Such 
systems are o f t e n e n t i r e l y adequate i n a p p l i c a t i o n s such 
as thickness gauging and t e l e v i s i o n type imaging. In our 
a p p l i c a t i o n s , the requirements of the experiement d i c t a t e 
the use of a r a t h e r more complex system. Also, the requirements 
are very d i f f e r e n t according t o whether the array i s t o be 
used i n the i n t e n s i f i e d e l e c t r o n - c o u n t i n g mode, or i n the 
d i r e c t p h o t o n - i n t e g r a t i o n mode. 
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4.1.1. Operation i n the E l e c t r o n Counting Mode 
I n the e l e c t r o n counting mode envisaged at the 
R.G.O., each photo e l e c t r o n would l i b e r a t e about 6000 
e l e c t r o n - h o l e p a i r s , and an array element would be f u l l y 
discharged by about 800 such photo-electrons. In order 
t o achieve a l a r g e r dynamic range, the " i n t e g r a t i o n " 
was t o be performed e x t e r n a l t o the array, i n a 
manner s i m i l a r t o the Digicon described i n Chapter One. 
The system as o r i g i n a l l y devised at the R.G.O."'^^ i s 
shown schem a t i c a l l y i n Figure 4.1. 
The array i s scanned r e p e t i t i v e l y w i t h a frame 
time ( t h e time taken f o r one complete scan) of s l i g h t l y 
over 1ms. The array output i s processed by an analog 
double sampling processor, which e x t r a c t s from the 
waveform the d i f f e r e n c e between s i g n a l l e v e l s before 
and a f t e r a recharge pulse. Thus the processed output 
waveform now cons i s t s of a t r a i n of 256 pulses whose 
amplitude i s r e p r e s e n t a t i v e of the s i g n a l on each array 
element. This waveform i s now l e v e l - d i s c r i m i n a t e d , w i t h 
the t h r e s h o l d set such t h a t leakage currents and other noise 
s i g n a l s produce a l o g i c a l "zero" output, whereas f o r the 
l a r g e r s i g n a l s due t o photoelectrons, the output i s a l o g i c a l 
"one". The s i g n a l s are then stored and i n t e g r a t e d i n a 
r e c i r c u l a t i n g memory. This consists of a 16 b i t by 256 word 
long s h i f t r e g i s t e r memory, which i s clocked synchronously w i t h 
the array. I f a l o g i c a l "one" i s present i n the array output, 
then the word i n the corresponding r e g i s t e r address i s incremented 
by one. The data i n t h i s memory i s p e r i o d i c a l l y t r a n s f e r r e d t o 
the memory of the data processing computer. 
This system handles one video output waveform from 
the array. Four such systems are used i f a l l the l i n e s on 





















4,1.2. Operation i n the Photon I n t e g r a t i o n Mode 
The o p e r a t i n g sequence f o r the array i s somewhat 
more complex when running the array i n the photon 
i n t e g r a t i o n mode. P r i m a r i l y , i t must be possible t o 
achieve long, and v a r i a b l e i n t e g r a t i o n times. 
I t i s p o s s i b l e t o adjust the i n t e g r a t i o n time 
over a l i m i t e d range simply by reducing the c l o c k i n g 
r a t e and thereby i n c r e a s i n g the frame time. This i s 
i m p r a c t i c a l f o r very long i n t e g r a t i o n times where the 
operation of the dynamic on-chip s h i f t r e g i s t e r would 
be impaired by leakage. A neater s o l u t i o n i s t o run 
the s h i f t r e g i s t e r at the same r a t e f o r a l l i n t e g r a t i o n 
periods, but t o c o n t r o l the recharge f u n c t i o n . Thus the 
sequence of operation•becomes f i r s t l y a frame during 
which the recharge f u n c t i o n i s enabled/ followed by a 
number of frames of i n t e g r a t i o n , when the recharge f u n c t i o n 
i s d i s a b l e d , and then a f i n a l frame during which recharge 
i s enabled and the output waveform i s sampled. 
4.1.3. The.Design of the Control System 
A c o n t r o l system of the type required can be implemented 
i n one of two ways. A l l c o n t r o l can be achieved by s u i t a b l y 
designed hardware, or the c o n t r o l f u n c t i o n can be undertaken 
by computer software. Since some form of computer i s necessary 
t o s t o r e , process and d i s p l a y the data derived from the array, 
i t was decided t o adopt the second course, and i n the system 
t o be described the computer has f u l l c o n t r o l of the 
i n t e g r a t i o n cycle of the array, f u n c t i o n i n g under i n t e r r u p t 
c o n t r o l . 
The block diagram of the c o n t r o l and a c q u i s i t i o n 
system developed at Durham i s shown i n Figure 4.2. 
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The op e r a t i o n of the system w i l l be described 
i n d e t a i l module-by-module l a t e r , but a few p o i n t s of 
i n t e r e s t w i l l be mentioned here. 
The f i v e s i g n a l s r e q u i r e d by the array i t s e l f are 
generated by the CLOCK PHASE GENERATOR (CPG), these being 
the two clock phases ^1 and ^ 2, the charge pulses CPl and 
CP2 and the load s h i f t r e g i s t e r pulse (LSR). The sig n a l s 
r e q u i r e d by the data a c q u i s i t i o n c i r c u i t r y are generated 
by the DIGITISATION SEQUENCE GENERATOR (DSG) and c o n t r o l 
the o p e r a t i o n of the Sample and Hold, Analog t o D i g i t a l 
Converter and B u f f e r Memory. 
The "he a r t " o f the system i s the INTEGRATION 
CONTROL MODULE' (ICM). This i s i n t e r f a c e d t o the 
2 ) 
computer v i a CAMAC , a modular i n t e r f a c e system. The 
ICM gates the charge pulses and LSR pulse t o the array, 
and also the c o n t r o l s i g n a l s t o the b u f f e r memory. The 
ICM generates an i n t e r r u p t t o the computer at the 
beginning of each frame. An i n t e r r u p t r o u t i n e i n the 
ope r a t i n g program then commands the ICM t o enable or 
dis a b l e the app r o p r i a t e s i g n a l s t o generate the desired 
type of frame. Thus any type of i n t e g r a t i o n cycle can 
be "assembled" by the computer program, which gives the 
user maximum c o n t r o l over the operation of the system. 
4.1.4. I n t e r f a c i n g and Module Standards 
At the outset of the p r o j e c t , i t was decided t h a t 
a l l the i n s t r u m e n t a t i o n would be constructed around the 
CAMAC standard. This i s an i n t e r n a t i o n a l standard f o r 
computer c o n t r o l and a c q u i s i t i o n systems, o r i g i n a l l y 
developed t o serve the needs of the High Energy Physics 
community. Several advantages are o f f e r e d by CAMAC, 
i n c l u d i n g independence o f the type and model o f computer 
used, and the a v a i l a b i l i t y and i n t e r c h a n g e a b i l i t y of a large 
number o f standard modules. Two f u r t h e r f a c t o r s i n f l u e n c i n g 
t h i s d e c i s i o n were :-
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1. Experience w i t h i n the Nuclear Instrumentation 
Group of CAMAC from previous work i n High 
Energy Physics Instrumentation. 
and 2. The growth of p o p u l a r i t y of CAMAC w i t h i n the 
• astronomical community. 
Consequently, CAMAC has been adopted wherever 
t r a n s f e r of data t o or from the computer has been necessary. 
This i n c l u d e s a l l p e r i p h e r a l i n t e r f a c i n g which would 
normally be done w i t h computer-specific i n t e r f a c e boards. 
I n order t o economise on cr a t e space and power requirements, 
a l l modules not r e q u i r i n g connection t o the CAMAC dataway 
have been implemented i n NIM format. A l l l o g i c l e v e l s 
throughout the system are TTL, and c i r c u i t r y i s constructed 
wherever p o s s i b l e using 74LS f a m i l y IC's. The d r i v e s i g n a l s 
r e q u i r e d by the array are converted from TTL to the required 
l e v e l s by appr o p r i a t e l e v e l t r a n s l a t o r s . 
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4.2. D e s c r i p t i o n s of the Modules o f the Control System 
I n the f o l l o w i n g s e c t i o n , the modules designed 
and b u i l t f o r t h i s p r o j e c t are' described b r i e f l y i n 
terms of t h e i r f u n c t i o n s . Where the design i s of 
p a r t i c u l a r i n t e r e s t , f u r t h e r d e t a i l s of the c i r c u i t r y 
are given as appendices. The modules can be classed 
as belonging t o the c o n t r o l chain or to the s i g n a l 
processing chain. The c o n t r o l chain w i l l be described 
f i r s t . 
4.2.1. Clock Phase Generator 
The f u n c t i o n of the Clock Phase Generator (CPG) 
i s t o p r o v i d e , at TTL l e v e l , the two clock phases 01 and 
02 and the charge pulses CPl and CP2. I n a d d i t i o n i t 
generates a Load S h i f t Register(LSR) command which overlaps 
the l a s t 02 phase of the previous frame, thus i n i t i a t i n g 
another scan. The t i m i n g r e l a t i o n s h i p of these pulses i s 
shown i n Figure 4.3. which i l l u s t r a t e s the end of one 
frame and the s t a r t of the next. There i s an o v e r a l l 
s i m i l a r i t y between t h i s module and t h a t designed by the RGO 
/Plessey t o be used i n the e l e c t r o n counting system. This 
used f u l l y complementary clock phases 01-and 02, but these 
were found t o cause some i n s t a b i l i t " i j on the output video 
waveform which disappeared when using clock phases w i t h a 
s h o r t e r duty c y c l e . The a b i l i t y t o c o n t r o l the size and shape 
of the scan pulses by t a i l o r i n g the clock waveforms was 
described i n Chapter 3. 
The l e n g t h of the charge pulses i s determined by a 
74121 monostable, and t h i s i s adjustable from the f r o n t panel 
from l e s s than 1 ^ s up to about 200 ^ s , there i s a f r o n t 























































The' Clock Phase Generator requires an input clock 
at 8 times the desired frequency of 0 1 and 0 2 . This i s 
provided from the D i g i t i s a t i o n Sequence Generator. 
The Clock Phase Generator, w i t h an appropriate 
input clock and s u i t a b l e l e v e l t r a n s l a t o r s , can be used 
alone t o provide the s i g n a l s required t o operate the 
array i n a r e p e t i t i v e scan fashion w i t h an i n t e g r a t i o n 
time o f one frame time. 
This module i s constructed as a s i n g l e w i d t h NIM 
module. 
4.2.2. D i g i t i s a t i o n Sequence Generator 
I n designing the D i g i t i s a t i o n Sequence Generator 
(DSG) it.was intended t o produce a d i g i t i s a t i o n system 
t h a t could handle a v a r i e t y of video waveforms and 
c o n t r o l d i f f e r e n t types of Sample Hold and Analog t o 
D i g i t a l Converters. The d i g i t i s i n g system i s t h e r e f o r e 
a p p l i c a b l e t o other types of array which may be used i n 
the f u t u r e . 
A t y p i c a l video waveform from the Plessey array 
i s shown i n Figure 4.4. There are four i n f o r m a t i o n l e v e l s 
i n t h i s waveform f o r each diode p a i r . These are :-
i ) the baseline l e v e l 
i i ) the sum of the two diode s i g n a l s 
i i i ) the s i g n a l on the second diode only 
i v ) the res e t l e v e l 
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Of these, i ) , the baseline l e v e l , c o n t a i n s no 
i n f o r m a t i o n r e l e v a n t t o t h a t diode p a i r , but by 
d i g i t i s i n g t h i s we can monitor d r i f t and noise i n 
the s i g n a l chain. 
Sampling and d i g i t i s a t i o n i s t h e r e f o r e required 
at 8 p o i n t s per 0 1 or 0 2 cycle, or once per cycle of 
the c l o c k i n p u t t o the Clock Phase Generator. Each 
d i g i t i s a t i o n w i l l r e q u i r e a sequence of f o u r . c o n t r o l 
s i g n a l s . F i r s t of these i s a Hold command t o the Sample and 
Hold c i r c u i t , f o l l o w e d by a Convert command t o the 
Analog t o D i g i t a l Converter t o s t a r t . t h e conversion. A f t e r 
the end of the conversion, when the data at the ADC 
output has s e t t l e d , the data must be t r a n s f e r r e d i n t o a 
B u f f e r Memory. This i s achieved by the Strobe command. 
The memory address counter i s then incremented by the 
Increment command so t h a t the next d i g i t i s e d l e v e l w i l l 
be stored, i n the next highest memory address. A t y p i c a l 
sequence i s shown i n Figure 4.5., along w i t h some of 
the t i m i n g c o n s t r a i n t s . 
The fo u r c o n t r o l pulses (Hold, Convert, Strobe and 
Increment) can be programmed by f r o n t panel switches t o 
s t a r t and f i n i s h at any time w i t h i n a 16 b i t cycle. That 
i s , the r i s i n g and f a l l i n g edges of each c o n t r o l pulse can 
be set t o c o i n c i d e w i t h any f a l l i n g edge of the Master 
Clock shown i n Figure 4.5., a clock which has 16 cycles 
d u r i n g each d i g i t i s a t i o n cycle. The c i r c u i t of the 
D i g i t i s a t i o n Sequence Generator i s described i n Appendix B. 
The Sub-Clock shown i n Figure 4.5. i s output t o the 
Clock Phase Generator Module to derive the r e s t of the 
system t i m i n g . 
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The Master Clock input t o the D i g i t i s a t i o n Sequence 
Generator i s supplied e x t e r n a l l y from a Hewlett-Packard 
HP 8004A pulse generator, although i t i s planned t o replace 
t h i s w i t h a c r y s t a l c o n t r o l l e d clock. The ti m i n g i s such 
t h a t the scan r a t e of the array i n elements per second i s 
f/32 where f i s the Master Clock frequency. 
The D i g i t i s a t i o n Sequence Generator i s b u i l t as 
a 4 wide NIM module, t h i s width being d i c t a t e d by the 
f r o n t panel switches. The c i r c u i t r y i s on two boards. 
4.2.3. I n t e g r a t i o n Control Module 
The I n t e g r a t i o n Control Module, (ICM), as explained 
i n Section 4.1,3. operates under c o n t r o l from the computer 
Via the CAMAC dataway. The p r i n c i p l e of operation i s as 
f o l l o w s , r e f e r r i n g t o Figure 4.6. 
On the f a l l i n g edge of a LSR command, i n d i c a t i n g 
the s t a r t of a new frame, the module sets a LAM (Look-at-Me) 
on the CAMAC dataway, which-issues an i n t e r r u p t t o the 
computer. This i n t e r r u p t requests a c o n t r o l word which i s 
then t r a n s m i t t e d t o the module v i a the dataway and i s 
loaded i n t o a mask r e g i s t e r w i t h i n the I.CM., c l e a r i n g 
the i n t e r r u p t . B i t 2° of t h i s r e g i s t e r masks ( t h a t i s , 
d i s a b l e s ) the LSR commands. B i t 2^ masks the CPl and CP2 
2 
pulses, and B i t 2 masks the Strobe and Increment commands. 
The mask i s not enabled u n t i l the l a s t 02 clock 
phase of t h a t frame. Thus the mask req u i r e d during a 
frame N i s set up during the preceeding frame, N-1. This 
was done so t h a t r t h e i n t e r r u p t handling r o u t i n e 
has one whole frame time i n which t o decide upon and load 
the a p p r o p r i a t e s t a t u s mask. 
The most u s e f u l mask words are l i s t e d i n Table 4.1., 
along w i t h the a c t i o n s associated w i t h them. I n t e g r a t i o n 
can be achieved w i t h a mask of 0 or 1 depending on whether 
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w i l l d i s a b l e the LSR command, and so the array elements w i l l 
not be scanned and there w i l l be no video waveform. 
A mask word of 1 w i l l enable the LSR command, and the array 
w i l l be scanned but not recharged..A video output waveform 
w i l l be present, and w i l l be d i g i t i s e d by the ADC, but 
because the Strobe and Increment commands are disabled, 
nothing w i l l be loaded i n t o the B u f f e r Memory. A mask word 
of 3 causes a recharge operation, but again w i t h no data being 
loaded i n t o memory. A 5 causes a non-destructive read, by 
enabling the LSR command i n order t o scan the array, loading 
the d i g i t i s e d video i n t o the B u f f e r Memory, but supressing 
the recharge pulses CPl and CP2. A mask word of 7 enables 
a l l t h r e e groups of commands and causes a conventional 
d e s t r u c t i v e readout. 
Thus an i n t e g r a t i o n p eriod of two frames could be 
achieved by a recharge frame ( 3 ) , an i n t e g r a t i o n frame (1) 
and a readout frame ( 7 ) . Such a scheme, and the t i m i n g 
cycle associated w i t h i t i s i l l u s t r a t e d i n Figure ,4.7. 
Note t h a t the i n t e g r a t i o n period i s always one frame 
longer than the combined number of i n t e g r a t i o n and NDRO 
frames because of the 1 frame i n t e g r a t i o n t h a t i s achieved 
anyway by continuous readout. 
So f a r , the operation of the I n t e g r a t i o n Control 
Module has been described only i n terms of c o n t r o l by the 
computer program. During a long i n t e g r a t i o n on a l i g h t 
source of unknown i n t e n s i t y , there must be p r o v i s i o n f o r the 
user t o monitor the progress of the i n t e g r a t i o n by requesting, 
a Non-Destructive Read Out. When the desired exposure has been 
made, the user must also be able t o terminate the i n t e g r a t i o n . 
To permit t h i s user c o n t r o l , two f r o n t panel buttons are provided. 
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These set up i n t e r r u p t s t a t u s f l a g s , but do not 
generate an i n t e r r u p t themselves. This i s i n order to avoid 
any p o s s i b i l i t y of overlap of i n t e r r u p t s which could lead to 
one being " l o s t " . On r e c e i v i n g the i n t e r r u p t generated by 
the f a l l i n g edge of the next LSR pulse, the computer t e s t s 
these s t a t u s f l a g s . I f set, the program leaves the 
se l e c t e d sequence and takes the appropriate a c t i o n . Obviously 
these two f r o n t . p a n e l buttons can be used f o r any functions 
des i r e d , t h e i r a c t u a l e f f e c t being determined by the 
i n t e r r u p t handling r o u t i n e . 
The I n t e g r a t i o n Control Module i s constructed as 
a t r i p l e w i d t h CAMAC u n i t . Further d e t a i l s of the c i r c u i t r y 
are given i n Appendix C. 
4.2.4.,Level T r a n s l a t o r Module 
The f i n a l component i n the c o n t r o l s i g n a l chain i s 
the Level T r a n s l a t o r Module, which converts the ^ 1 , (p2, 
CPl, CP2 and LSR TTL s i g n a l s i n t o the l e v e l s required by 
the a r r a y . The t i m i n g of the s i g n a l s i s not changed. The 
output l e v e l s are t y p i c a l l y l o g i c a l "0" = OV, l o g i c a l " 1 " = 
-14V, but are adj u s t a b l e . The c h i e f requirements are very 
s t a b l e o u t p u t . v o l t a g e s , f a s t r i s e and f a l l times and clean 
pulse shapes. The c i r c u i t r y of t h i s module i s t o be described 
i n another work by A.W. Campbell \ 
The Level Translator i s b u i l t as a s i n g l e width NIM 
module. The power r a i l s are supplied from a separate 24V 
power, supply i n order t o avoid any p o s s i b i l i t y of noise on 
the output waveforms due t o other modules i n the same NIM 
c r a t e . 
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4.2.5. The Video P r e a m p l i f i e r 
The " s i g n a l path" of the system consists of a 
Video P r e a m p l i f i e r , a Sample and Hold Module, an Analog 
t o D i g i t a l Convertor Module, and the B u f f e r Memory. 
The Video P r e a m p l i f i e r i s based around a Burr Brown 
3550, a high slew r a t e o p e r a t i o n a l a m p l i f i e r , used i n an 
i n v e r t i n g , v i r t u a l e a r t h c o n f i g u r a t i o n . The use of a v i r t u a l 
e a r t h l o a d i s d i c t a t e d by the summing l i m i t a t i o n s discussed 
i n Chapter 3. 
The feedback r e s i s t o r used i n the preamp i s 68k£i. 
The output swing per c a r r i e r generated i n the photodiode 
can now be estimated. From Chapter 2, we have the small 
s i g n a l gain r e f e r r e d t o the source f o l l o w e r gate 
v o l t a g e o f :-
Ron + m 
where m = 2 p(Vg - V^) R^ ^ 
Assuming the f o l l o w i n g parameters 
|S = 6^/V^ 
V^ = 2V 
%n= 
V^ = 5V 
Then t h i s becomes 
fo = - 1.11 
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The voltage change at the gate of the source f o l l o w e r 
f o r a s i n g l e c a r r i e r discharging the photodiode depends 
on the gate capacitance. 
Assuming a value of C„ = O.lpF, then 
dVp •_ dQ 




i s 1.7 ^ V / c a r r i e r 
The Video P r e a m p l i f i e r i s mounted i n a small diecast 
box and i s normally mounted close t o the array. The design 
3) 
of t h e p r e a m p l i f i e r i s discussed by A.W. Campbell ^ . 
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4.2.6. Sample and Hold Module 
Two versions of the d i g i t i s i n g system have been 
constructed. The f i r s t was a low cost 8 b i t r e s o l u t i o n 
system used f o r i n i t i a l work and t o prove the system. 
For the work at the 30 inch telescope at the R.G.O, 
a 12 b i t system was constructed. Consequently there are 
two types of Sample and Hold Module. The f i r s t 8 b i t 
system uses a Hybrid Systems S/H 703 m o n o l i t h i c sample 
and h o l d c i r c u i t , whereas the 12 b i t system employs the 
more accurate S/H 730 Hybrid c i r c u i t . Otherwise the two 
modules are s i m i l a r . The S/H c i r c u i t i s configured as 
i n v e r t i n g w i t h a u n i t y gain. This i s followed by a non-
i n v e r t i n g o p e r a t i o n a l a m p l i f i e r stage w i t h adjustable 
o f f s e t and gain, which are used t o match the video 
s i g n a l range t o the ADC input requirements. Both modules 
are packaged as s i n g l e widl-Vi NIM u n i t s , and are described 
3) 
i n g r e a t e r d e t a i l by A.W. Campbell 
4.2.7. Analog t o - D i g i t a l Convertor Module 
The 8 b i t d i g i t i s e r module i s constructed around a 
Hybrid Systems ADC 540-8, w i t h a conversion time of 5 /xs, 
The .12 b i t version was o r i g i n a l l y designed around another 
Hybrid Systems u n i t , the ADC-593-12 w i t h a 4 ^  conversion 
time. Due t o d e l i v e r y problems however, the slower Burr Brown 
ADC 80-12 had t o be s u b s t i t u t e d ,with a conversion time of 
25 j>^s. 
The e f f e c t of t h i s on the usable frame time i s as 
f o l l o w s . Four d i g i t i s a t i o n s are necessary per diode p a i r , 
t h a t i s 512 d i g i t i s a t i o n s per frame. This i m p l i e s a 
minimum frame time of 12.8 ms using a 25 >J.S d i g i t i s e r , 
w i t h o u t a l l o w i n g f o r the e x t r a time overheads of S/H 
s e t t l i n g time and memory w r i t e time, which are short by 
comparison. 
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Both modules have p a r a l l e l output w i t h s t r a i g h t 
b i n a r y coding, and have an input range of 0 t o + lOV, The 
12 b i t v e r s i o n also has a jumper selecta b l e option f o r 
b i p o l a r i n p u t w i t h e i t h e r 2's complement or o f f s e t binary 
output codes. 
There are f r o n t panel inputs f o r Convert, Strobe 
and Increment commands. These l a t t e r two are not used 
f u n c t i o n a l l y w i t h i n the module but are passed t o the output 
connector (25 way D-type) t o the memory module. 
Two LED's are provided on the f r o n t panel f o r 
mo n i t o r i n g . A green d i s p l a y i s driven from the Busy 
s i g n a l o f the convertor, and a red d i s p l a y i n d i c a t e s the 
s t a t u s o f the Strobe command. 
The c i r c u i t of the 12 b i t ADC Module i s shown i n 
Figure 4.8, The monostable on the Convert command i s 
necessary because the ADC 80 AG-12 requires a convert 
pulse of l e s s than 2 ^ s . 
Both modules are packaged as s i n g l e width NIM 
u n i t s , 
4.2.8. The B u f f e r Memory Module 
The Memory i s the l a s t module i n the si g n a l chain. 
Whilst i t would have been possible t o load data from the 
ADC d i r e c t l y i n t o the computer f o r storage i n main memory, 
under i n t e r r u p t c o n t r o l , i t was decided t h a t e x t e r n a l b u f f e r 
storage was p r e f e r a b l e . This choice was made p r i n c i p a l l y 
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Two Memories have been constructed, organised as 
512 words of e i t h e r 12 or 8 b i t word l e n g t h , based around 
256 X 4 s t a t i c RAM chips. The 8 b i t memory i s now obselete 
as c l e a r l y the 12 b i t memory can be used i n i t s place by 
i g n o r i n g the most s i g n i f i c a n t 4 b i t s . There are some small 
d i f f e r e n c e s between the 8 b i t and 12 b i t versions, c h i e f l y 
i n t he CAMAC f u n c t i o n decoding. The design of the memory 
3) 
w i l l be described i n d e t a i l by A.W. Campbell , but i t s 
o p e r a t i o n from the users p o i n t of view w i l l be described 
here. 
The DATA IN/DATA OUT modes are selected by a CAMAC 
F25 command (EXECUTE). The memory i s addressed by a 9 b i t 
counter, and the counter i s set t o zero by e i t h e r the DATA 
IN or DATA OUT commands or by a CAMAC i n i t i a l i s e (Z) command, 
In the DATA IN mode, the address counter i s incremented by 
the increment s i g n a l from the ADC module, whereas i n the 
DATA OUT mode i t i s incremented during a CAMAC READ cycle 
( FO command). 
I n order t o t r a n s f e r data i n or out of the memory 
chips, t h e i r chip enable (CE) l i n e s must be set high. 
This can be achieved e i t h e r by the Strobe s i g n a l from the 
ADC, or by a CAMAC F26 (ENABLE) command. The chips are 
dis a b l e d by Strobe, by a CAMAC F24 (DISABLE) command, or by 
a CAMAC INITIALISE (Z) command. These fu n c t i o n s are 
summarised i n Table 4.2. 
A C T I O N C A M A C COMMAMDS 
F R O N T PMslEL 
C O M M / k N I D S 
C H I P ENA.BLE F 2 6 . A 0 . S 2 S T R O B E 
C H i P D l S ^ B L E F 2 4 - . A O . 5 2 + E . 5 2 S T R O B E 
S E T DATA IW F 2 5 AiO.S 1 
S E T D A T A O U T F 25- A i . S l 
ZERO ADDRESS Ooouim F 2 5 . lAo+Al).Sl4.2 . 5 2 
iNCItEMENT A D D R E S S C O O W T E R F O . A O . S 2 1 KICR 
R E A D D A T A F O . AO 
T A B L E A . 2 1 2 B I T B U F F E R M E M O R Y 
FUNCTIONS AND COMMANDS 
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4.3. P e r i p h e r a l s and I n t e r f a c i n g 
At the outset of the p r o j e c t i t was. decided t h a t 
a l l p e r i p h e r a l s should be i n t e r f a c e d v i a the CAMAC system, 
i n order t h a t the experimental package should be as independent 
as p o s s i b l e of the host computer i n use. This would f a c i l i t a t e 
i t s easy i n t e g r a t i o n w i t h e x i s t i n g computer systems at other 
l a b o r a t o r i e s and observ a t o r i e s . 
The requirements of the experiment c a l l f o r a 
communication t e r m i n a l f o r program development and c o n t r o l , 
a permanent mass storage system f o r programs and data, and 
some form of g r a p h i c a l d i s p l a y f o r the observation of spectra, 
p r e f e r a b l y w i t h some hard copy f a c i l i t y . 
I n i t i a l l y an ASR 33 t e l e t y p e was used as the sole 
p e r i p h e r a l , and was convenient f o r three reasons :-
a) I t was a v a i l a b l e w i t h i n the N.I. Group already. 
b) I t combines a keyboard, hard copy p r i n t e r , and 
paper tape reader, punch and copier a l l w i t h i n 
the same u n i t , 
and c) Some type of console device i s required by the 
computer ( t h i s w i l l be explained l a t e r ) . 
The ASR 33 i s severely l i m i t e d i n speed, and 
was e v e n t u a l l y augmented by a Vi s u a l Display U n i t , a f a s t 
Paper Tape Reader, f a s t Paper Tape Punch and a Storage 
Graphics Display. 
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4.3.1. V i s u a l Display Unit 
The VDU chosen.was the Lynwood DAD-1, l a r g e l y f o r 
i t s r e p u t a t i o n of robustness and r e l i a b i l i t y at a reasonable 
p r i c e . The u n i t i s d i r e c t l y t e l e t y p e compatible, but also 
has some e x t r a f a c i l i t i e s such as cursor addressing, b l i n k mode, 
p r o t e c t e d f i e l d and p r i n t e r c o n t r o l . I t i s i n t e r f a c e d t o 
CAMAC v i a a Nuclear E n t e r p r i s e s 7061 TTY i n t e r f a c e . The 
7061 i s a somewhat ageing u n i t now considered obsolete by 
Nuclear E n t e r p r i s e s . Their replacement, the NE 9047 has 
been obtained, but at the time of w r i t i n g has not been 
s a t i s f a c t o r i l y i ncorporated i n t o the system, r e q u i r i n g some 
software changes. 
4.3.2. Paper Tape Reader 
The paper tape reader used i s the Lynwood ATR 2, 
a very f a s t u n i t w i t h o p t i c a l character reading and o p t i c a l 
sprocket hole d e t e c t i o n ( r a t h e r than the slower but more 
common toothed sprocket wheel driven by a stepping motor). 
The CAMAC i n t e r f a c e i s a GEC TR0801 u n i t , developed from a 
DNPL (Daresbury Laboratory) design. 
Some problems have been encountered w i t h p e r s i s t e n t 
misreading of c e r t a i n characters, but these have been traced 
t o c r o s s t a l k i n the connecting cable and have been elimi n a t e d 
by c a r e f u l screening. 
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4.3.3. Paper Tape Punch 
The paper tape punch i s a Fac i t 4070, capable of 
punching at 75 characters per second, and i s i n t e r f a c e d 
v i a a GEC TP0801 module. As previous experience had led 
us t o expect, t h i s has proved extremely r e l i a b l e and 
robust. Three modes of operation are a v a i l a b l e from the 
i n t e r f a c e . The f i r s t produces a length of leader (sprocket 
hole o n l y ) tape, w h i l s t the other two enable the punching 
of an 8 b i t word as a s i n g l e character or a 16 b i t word 
as two successive characters. These f a c i l i t i e s considerably 
s i m p l i f y programming. 
4.3.4. Storage Graphics Display 
For economy, a small storage display was chosen. 
This i s the Tek t r o n i x 603 Storage Monitor, w i t h a 4 inch 
by 5 inc h screen, and a r e s o l u t i o n of 80 x 100 l i n e p a i r s . 
Two CAMAC i n t e r f a c e modules are used w i t h t h i s d i s p l a y . 
The f i r s t i s the Nuclear E n t e r p r i s e s 9028 Storage Display 
Mode Generator. As i t s name suggests, t h i s module supplies, 
under CAMAC c o n t r o l , the c o n t r o l s i g n a l s necessary t o se l e c t 
the mode of oper a t i o n of the di s p l a y . The modes a v a i l a b l e 
are s t o r e , non-store and erase. 
The X and Y d e f l e c t i o n s i g n a l s , and Z modulation 
( i n t e n s i t y ) f o r the d i s p l a y are generated by a Nuclear 
E n t e r p r i s e s 7011 Display D r i v e r . This provides f a c i l i t i e s 
f o r p l o t t i n g l i n e s i n X or Y, and f o r p l o t t i n g of p o i n t s 
e i t h e r by X,Y addressing or by automatic increment of X 
( i . e . spectrum p l o t t i n g ) . 3 l e v e l s of spot brightness can 
be programmed. 
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4.3.5. CAMAC Test and Display Modules 
Three CAMAC modules are used f o r development work 
and system mon i t o r i n g . 
The Nuclear E n t e r p r i s e s NE 9554 Dataway Display can 
be used t o monitor the s t a t u s of a l l the CAMAC l i n e s v i a 
LED's on the f r o n t panel, or can be used as a binary 
d i s p l a y r e g i s t e r and w r i t t e n t o i n the same manner as a 
conventional CAMAC module. The f i r s t f u n c t i o n i s p r i m a r i l y 
u s e f u l i n hardware t e s t i n g , whereas the second f i n d s use 
i n some programs f o r d i s p l a y i n g the status of v a r i a b l e s or 
f l a g s . 
The DNPL EC326 System Checkout module enables a l l 
the address, data and c o n t r o l l i n e s i n a CAMAC crate 
between i t s s t a t i o n and the Crate C o n t r o l l e r t o be teste d 
under program c o n t r o l . This i s u s e f u l i n l o c a t i n g bus 
problems. Front panel i n d i c a t i o n of the status of a l l 
power l i n e s i s provided. 
The GEC TC 2403 Dynamic -Test C o n t r o l l e r , when used, 
occupies the c o n t r o l s t a t i o n of the crate . i t provides the 
f a c i l i t y f o r generating two CAMAC commands which can 
be stepped through manually or f r e e run. I t s main use i s 
during the design and t e s t i n g of modules. 
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4.4. The Computer System 
The computer system i t s e l f has three components, the 
computer hardware, the c r a t e c o n t r o l l e r l i n k i n g the computer 
t o the CAMAC system, and the programming language/operating 
system. 
Several approaches were considered towards the problem 
of o b t a i n i n g a computer. 
Conventional minicomputers of the PDP 11 , Nova, or 
HP 21 s e r i e s were, at the time, the t r a d i t i o n a l machines 
used f o r experiments . of t h i s s i ze. The cost of purchasing 
such a machine was p r o h i b i t i v e however. 
An IBM 1130 was i n use i n the Durham Physics department, 
but t h i s was shared already by two groups, and f o r t u n a t e l y t h i s 
could be r e j e c t e d on the grounds of there being no 
commercially a v a i l a b l e CAMAC i n t e r f a c e f o r t h i s machine. 
The purchase of a second hand machine was considered, 
but a t the time PDP-8's were the only r e a d i l y a v a i l a b l e second 
hand machines, and these were already somewhat obselete. 
Microprocessors were beginning t o become a v a i l a b l e , 
but t h i s market was very new, w i t h . l i t t l e " i n the way of 
commercially a v a i l a b l e software or hardware support. The 
packaged microcomputers now a v a i l a b l e such as PET, Apple and 
TRS 80 were yet t o be released. 
Recently announced was a new minicomputer from 
D i g i t a l Equipment Corporation based on the PDP 11 range, 
but using a microprocessor as the CPU. This was a v a i l a b l e 
i n board form as the LSI 11 microcomputer or packaged as 
a complete small computer as the PDP 11/03. A commercial 
CAMAC c o n t r o l l e r was a v a i l a b l e f o r t h i s machine, and others 
were known t o be under development. Also, a CAMAC o r i e n t e d 
programming language was a v i l a b l e f o r PDP-li machines which 
would soon be a v a i l a b l e f o r implementation on the LSI 11. The 
f o l l o w i n g s e c t i o n s describe t h i s computer, the crat e c o n t r o l l e r 
and the programming language. 
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4.4.1. The PDP 11/03 Computer 
The c o n f i g u r a t i o n chosen i s the 11/03 KB, c o n s i s t i n g 
of a KD 11-H CPU board, and a MSV - IICD 16k word dynamic 
RAM memory board. Two i n t e r f a c e boards are f i t t e d . F i r s t 
i s the DLV 11 s e r i a l i n t e r f a c e used t o i n t e r f a c e t o the 
ASR 33 t e l e t y p e , and secondly the i n t e r f a c e card t o the 
Crate C o n t r o l l e r . This c o n f i g u r a t i o n i s shown i n 
Figure 4.9 and leaves a f u l l width s l o t a v a i l a b l e f o r the 
a d d i t i o n of e x t r a memory to expand up t o 32k words, f o r 
the a d d i t i o n o f - e x t r a p e r i p h e r a l s such as floppy disks, 
or f o r a bus extension box f o r a l a r g e r system. 
One f e a t u r e of the LSI 11 system i s t h a t there i s 
no p r o v i s i o n f o r the t r a d i t i o n a l programmer's panel, used 
f o r manual en t r y and v e r i f i c a t i o n of machine code programs. 
These f u n c t i o n s are c a r r i e d out v i a the "console device", 
i n our case the ASR 33 t e l e t y p e , through a command code 
c a l l e d ODT. The t e l e t y p e i s also used f o r e n t e r i n g short . 
loader programs through i t s tape reader. 
4.4.2. The CAMAC Crate C o n t r o l l e r 
The Crate C o n t r o l l e r i s of somewhat unusual design, 
and some discussion of the various Crate C o n t r o l l e r concepts 
i n CAMAC i s worthwhile p r i o r t o a d e s c r i p t i o n o f the u n i t . 
The o r i g i n a l concept of the Crate C o n t r o l l e r was the 
Crate C o n t r o l l e r A-1. This i s a standard c o n t r o l l e r and i s 
d r i v e n from a branch highway, the s t r u c t u r e of which i s defined 
4 •) 
i n EUR 4600 '. A branch d r i v e r , e x t e r n a l t o the c r a t e , i s 
used t o connect the branch highway t o the computer bus. A 
m u l t i p l e c r a t e c o n f i g u r a t i o n based on such a system i s shown 
i n Figure 4.10. This system i s i d e a l f o r large m u l t i c r a t e 
and m u l t i b r a n c h systems, but as CAMAC became considered f o r 
small experimental systems, the cost of a branch d r i v e r became 
unacceptable when only a s i n g l e c r a t e was t o be used. 
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The next approach then, was the Dedicated Crate 
C o n t r o l l e r . The C o n t r o l l e r i s s p e c i f i c t o a p a r t i c u l a r 
computer and connects d i r e c t l y t o the computer I/O bus. 
There i s no Branch Highway, and m u l t i c r a t e systems are 
configured by using a dedicated c o n t r o l l e r f o r each crate, 
d r i v e n o f f the computer I/O bus. Whilst cheap f o r s i n g l e 
c r a t e systems, expansion t o a m u l t i c r a t e system i s expensive. 
A t y p i c a l m u l t i c r a t e Dedicated C o n t r o l l e r system i s shown 
i n Figure 4.11. 
A t h i r d a l t e r n a t i v e i s the System Crate Philosophy, 
developed by GEC - E l l i o t ^ \ I n the two previous systems, 
c o n t r o l of each c r a t e has been by some s o r t of c o n t r o l l e r 
occupying the rightmost ( c o n t r o l ) s t a t i o n of t h a t c r a t e . 
This c o n t r o l l e r has been connected t o the computer I/O bus 
d i r e c t l y or v i a the branch highway. I n the System Crate 
Philosophy, there i s a master System Crate, at the 
rightmost s t a t i o n of which resides an Executive C o n t r o l l e r . 
This c o n t r o l l e r has no connection t o any bus other than the 
CAMAC c r a t e dataway. A l l other s t a t i o n s of t h a t c r a t e may be 
occupied by e i t h e r a normal user module, a Command Source, or 
a Branch Coupler. A Command Source can be a manual c o n t r o l l e r , 
or a computer i n t e r f a c e d c o n t r o l l e r . Up t o ten such Command 
sources can be r e s i d e n t i n the System Crate. These can 
" t a l k " t o the Executive C o n t r o l l e r v i a the dataway, and the 
Executive C o n t r o l l e r then issues the appropriate commands i n 
the same way as a conventional c r a t e c o n t r o l l e r . I n order t o 
expand t o a m u l t i c r a t e system, a Branch Coupler module i s 
i n s e r t e d i n the System Crate. This generates a branch 
highway as per EUR 4600 which can be used t o d r i v e up t o 
seven c r a t e s , each equipped w i t h a Crate C o n t r o l l e r A-1. 
Up t o seven Branch Couplers can be accommodated i n the System 
Crate, g i v i n g a t o t a l c a p a b i l i t y of 49 crates. The advantages 
of the System Crate concept are several. Multiprocessor 
c o n t r o l o f a s i n g l e experiment i s r e a d i l y r e a l i s a b l e , as i s 
the sharing of common CAMAC pe r i p h e r a l s by several experiments, 
each c o n t r o l l e d by t h e i r own computer. A t y p i c a l System Crate 
c o n f i g u r a t i o n i s shown i n Figure 4.12. 
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The Crate C o n t r o l l e r used f o r the Durham system 
i s unusual, i n t h a t i t consists of a System Crate Executive 
C o n t r o l l e r , w i t h a Command Source also b u i l t i n t o the same 
double w i d t h module. I t o f f e r s t h e r e f o r e f u l l System 
Crate c a p a b i l i t y w h i l e outwardly appearing i n a s i n g l e 
c r a t e system t o be a simple Dedicated Crate C o n t r o l l e r . 
This c o n t r o l l e r , the Hytec 1100, i n t e r f a c e s to the LSI 11 
backplane through the 1104 i n t e r f a c e card. This card also 
provides the f u n c t i o n s of the DEC REV 11 card, t h a t i s DMA 
memory r e f r e s h and space f o r bootstrap and diagno s t i c ROM's, 
4.4.3, The CATY Programming Language 
The programming language chosen f o r i n i t i a l development 
work i s ACSL's CATY This was developed i n conjunction 
w i t h Daresbury Laboratory f o r the t e s t i n g of CAMAC modules, 
but i s s u f f i c i e n t l y f l e x i b l e t o allow the w r i t i n g of q u i t e 
complex c o n t r o l and a c q u i s i t i o n programs. CATY 2 i s both 
a language and a resi d e n t operating system, w i t h f a c i l i t i e s 
f o r c r e a t i n g , e d i t i n g , reading and dumping source program f i l e s , 
The statement set of CATY 2 i s a subset of BASIC, w i t h 
a number of r e s t r i c t i o n s , and w i t h the a d d i t i o n of CAMAC I/O, 
c o n t r o l and i n t e r r u p t handling statements. 
An example of the CAMAC handling a b i l i t y of CATY 2 i s 
shown i n Figure 4.13. This l i s t s f our versions of a section 
of program t o read a s i n g l e character from a paper tape 
reader*. The reader i s i n s t a t i o n 2 of a si n g l e c r a t e system. 
In example 1, the program issues a CAMAC F27 ( t e s t i f ready) 
command t o the reader, whose l o c a t i o n i s branch 0, crate 0, 
s t a t i o n 2, sub-address 0. I f the response i s "ready", the 
module sets the "Q" l i n e on the dataway, and the program 
responds by i s s u i n g a CAMAC F2 (read and c l e a r ) command t o the 
reader, and p l a c i n g the returned data i n t o v a r i a b l e I . Example 
2 shows the same r o u t i n e , but w i t h e a s i l y understood mnemonics 
r e p l a c i n g the CAMAC command numbers (e.g. TST f o r F27). 
Example 3 goes a step f u r t h e r by d e f i n i n g a mnemonic f o r the 
001 REM C A T Y C0MHAMD3 TO READ A S I N G L E C H A R A C T E R FROM A- T A P E R E A D E R 
1000 . 
l O l O . 
1020 , . • 
1150 F 2 7 0 ^ 0 > 2 ^ 0 ' 
1160 IF* NQTQ GO' TO 1 1 5 0 
1170 F 2 0 ^ 0 ^ 2 , 0 . 1 . • . 
1 1 8 0 . -
1 1 9 0 . 
1200 . ' • 
0 0 0 2 REM A S 1 A B O ' / E ^ B U T WITH F U N C T I O N C O D E S R E P L A C E D BY MNEM0:J I C S 
10>JO . . • • • 
l O l O , . - ' 
1020 . . 
1150 T S T 0 > 0 ^ 2 , 0 
11'60 I F NOTQ GO TO 1 1 5 0 
^ 70 R C l : 0 ^ 0 ^ 2 ^ 0 > I 
1180 • .. 
11 90 . 
1200 . . • . ' 
0 0 0 3 REM AS 2 A B O V E ^ O U T VJITH R E A D E R A D D R E S S D E F I N E D AT L I N E 1000 
1000 R D R = 0 ^ 0 ^ 2 
1010 . 
1020, . . 
1150 T S T RDR^O ' 
11.60 I F NOTQ GO TO 1150 . 
1170 R C I RDR^O> I , 
11 80. . ' . 
l l 90 . • 
1200 . 
000-4 REM A S 3 A B O V E ^ B U T I L L U S T R A T I N G T H E U S E OF T H E GQSUB STATEMENT 
1000 R D R = 0 ^ 0 ^ 2 
1010 . 
1020 • 
1150 GOSUB 2 0 0 0 
1 1 7 0 . . ' . -
2000 R E M - S I N G L E C H A R . R E A D 
2010 T S T RDR>0 . . ^ 
2020 I F NOTQ GO TO 20 10 , 
2039 '^^^ R D R > O ^ I 
20/-10 R E T U R N . 
20 50 . 
2060 . ' . ' 
FIG.4.13 EXAMPLE OF A CATY ROUTINE 
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reader address. TST RDR,0 i s much more r e a d i l y understood 
by a user u n f a m i l i a r w i t h CAMAC than i s F27 0,0,2,0. 
Example 4 shows how t h i s r o u t i n e can be w r i t t e n as a short 
subroutine t o be c a l l e d by the main.program. 
There i s an important d i f f e r e n c e between CATY and 
BASIC. BASIC i s an i n t e r p r e t i v e language. That i s , at 
execution time, each statement i n the source code i s 
t r a n s l a t e d i n t o machine code and executed before passing 
on t o the next statement. I t i s t h e r e f o r e slow i n 
execution and not i d e a l l y s u i t e d t o r e a l time systems. 
CATY source code i s compiled p r i o r t o execution, producing 
a more e f f i c i e n t o b j e c t code w i t h a reduced execution 
time. To the user, there i s no added complication, since the 
CATY source program i s compiled and executed by a s i n g l e 
i n s t r u c t i o n . The u t i l i s a t i o n , of memory i s r a t h e r i n e f f i c i e n t , 
since a t run time, the operating system, the source code, 
the compiler and the compiled code are a l l r e s i d e n t i n memory. 
A s u i t e o f CATY programs was developed f o r the 
ob s e r v a t i o n a l work at the R.G.O. 30" telescope. This s u i t e 
i n c l u des the o n l i n e program, various r o u t i n e s t o read, reduce 
and d i s p l a y data gathered by the o n l i n e program, and code 
conversion programs t o produce output paper tapes s u i t a b l e 
f o r reading by mainframe computer system. These programs 
w i l l be described i n more d e t a i l i n Chapter 6, which 
deals w i t h t h a t o b s e r v a t i o n a l work. 
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4.5. Stand Alone Hardware Configurations 
As mentioned at the beginning of t h i s chapter, a 
la r g e amount of the work on the array was done . before the 
computer c o n t r o l l e d system had been completed. For t h i s 
work, a "stand alone" system had t o be put together. I t 
would be misleading t o suggest t h a t one s i n g l e such system 
was. used,since obviously d i f f e r e n t modules and components 
of the system were a v a i l a b l e at d i f f e r e n t times during the 
work. One system w i l l be described which i s representative 
of the approach used. 
The-c o n f i g u r a t i o n i s shown i n Figure 4.14. The 
Clock Phase Generator, Level Translator and Video P r e a m p l i f i e r 
are e x a c t l y as used i n the computer c o n t r o l l e d system. 
The waveform i s observed by an osci l l o s c o p e w i t h t r i g g e r i n g 
derived,from the LSR pulses. A delayed time base f a c i l i t y 
i s used f o r observing whichever diodes are desired. Overall 
t i m i n g i s again derived from an HP 8004A pulse generator. The 
i n t e g r a t i o n c o n t r o l i s achieved by the two a d d i t i o n a l modules, 
the Programmable D i v i d e r , and the Stand Alone C o n t r o l l e r . The 
f u n c t i o n s of these two modules i s as f o l l o w s . The 
Programmable D i v i d e r i s used t o gate the LSR pulses. Two 
f r o n t panel thiimbwheels,designated m and n, set up a counting 
c y c l e o f m X 10°, which: i s used t o d i v i d e the incoming LSR 
pulses. Thus Figure 4.15 shows the e f f e c t on the pulse 
t i m i n g o f a count cycle of 3 (m = 3, n = 0 ) . 
This module alone permits repeated exposures w i t h 
i d e n t i c a l i n t e g r a t i o n times. 
Further c o n t r o l i s achieved by using the Stand Alone 
C o n t r o l l e r . This enables the user t o scan the array onee per 
frame time u n t i l the f r o n t panel "START" button i s pressed. 
At the next frame, the i n t e g r a t i o n period set by the 
Programmable Di.vi.der begins. This selected p e r i o d i s repeated 
u n t i l such time as the "HALT" button i s pressed, whereupon 
scanning resumes once per frame time. The usefulness of t h i s 
type of o p e r a t i o n w i l l be shown i n the f o l l o w i n g chapter. 
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A complete computerised c o n t r o l and data a c q u i s i t i o n 
system has been designed and constructed f o r the Plessey 
diode a r r a y , based on the requirements of the o p t i c a l 
imaging p r o j e c t . The system i s modular and based on the 
CAMAC concept. Control i s by a small PDP 11/03 microcomputer 
running the CATY 2 programming language. Provisions.have 
been made f o r op e r a t i n g a p a r t of t h i s system under manual 
c o n t r o l , p r i m a r i l y t o enable experimental work on the 
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CHAPTER FIVE 
Laboratory Measurements on the C h a r a c t e r i s t i c s of 
the Plessey Diode Arrays 
I n t h i s chapter, a programme of t e s t s c a r r i e d out on 
the arrays i s described. Most of the t e s t s were c a r r i e d 
out at Durham p r i o r t o the operation of an array at the 
30 inch telescope at the R.G.O., (t h e exceptions being 
t e s t s on s p e c t r a l response and the response t o a pulse 
i n p u t of l i g h t ) . Tests include observations of r e s p o n s i v i t y , 
leakage c u r r e n t , random noise, l i n e a r i t y and lag. 
5.1. Equipment used f o r Laboratory Tests 
As was described i n Chapter Four, f o r most of these 
t e s t s a s i m p l i f i e d hardware - only c o n t r o l system was 
used. Also of i n t e r e s t are a s i m p l i f i e d charge pulse 
scheme used.for some e a r l y work, and the cryogenic 
system used t o cool the array. These w i l l be described 
b r i e f l y i n the f o l l o w i n g sections. Other equipment used 
f o r s p e c i f i c t e s t s w i l l be described along w i t h these t e s t s . 
5.1.1. Charge Pulse Timing 
Figure 5.1 (a) shows the conventional charge pulse 
t i m i n g and i t s r e l a t i o n s h i p t o the video waveform, as has 
been described i n Chapters Three and Four. To recap, the 
f i r s t l e v e l of the video waveform i s the sum of the i n t e g r a t e d 
s i g n a l on both diodes of a p a i r . A f t e r CPl, the f i r s t diode has 
been recharged and the second video l e v e l now represents the 
s i g n a l on only the second diode. Following CP2, the second 
diode has also been recharged and the t h i r d l e v e l of the 












V I D E O 
( b ) S I N G L E C H A R G E P U L S E S C H E M E 
F I G 5 . 1 C H A R G E P U L S E S A N D D I O D E P P . \ R I M G 
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A simpler t i m i n g scheme i s shown i n Figure 5.1 ( b ) . 
Note t h a t the mark/space r a t i o of the two clocks (p\ and (p2 
has been reduced. This i s not p a r t i c u l a r l y important and 
has been done t o s i m p l i f y the sequencing l o g i c . CPI and CP2, 
the two charge pulses, are now c o i n c i d e n t . This r e s u l t s i n 
a simpler video waveform, where the f i r s t l e v e l corresponds 
t o the sum of the s i g n a l s on both diodes i n a p a i r , and the 
second l e v e l r e s u l t s from charging both. This leads t o some 
degree of s i m p l i f i c a t i o n when c a r r y i n g out measurements w i t h 
only an o s c i l l o s c o p e a v a i l a b l e . 
5.1.2. Cryogenics 
The c r y o s t a t used throughout t h i s work i s a simple 
" c o l d f i n g e r " system. I t i s described i n d e t a i l by 
A.Humrich'^\ and w i l l only be mentioned b r i e f l y here. 
Cooling i s by means of a brass f i n g e r , the bottom end 
of which i s immersed ( u s u a l l y ) i n l i q u i d n i t r o g e n . The 
array i s mounted on a brass block at the upper end of the 
f i n g e r . A heating r e s i s t o r and a copper-constantan 
thermocouple are mounted adjacent t o the array. The cry o s t a t 
i s evacuated by a simple r o t a r y pump i n order t o reduce 
heat i n f l u x from the w a l l s of the enclosure. Temperatures 
of down t o about -120° C have been measured at the 
thermocouple. 
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5.2. P r e l i m i n a r y Evaluation of the Av a i l a b l e Devices 
Four packaged arrays were made a v a i l a b l e f o r t e s t s 
at Durham. Each array has four video l i n e s , but i t was 
necessary t o determine how many of these were f u n c t i o n a l . 
The arrays were t e s t e d one l i n e at a time. The arrays were 
operated i n the dark at room temperature, f r e e running 
(one scan every frame time) w i t h a two charge pulse system 
and a frame time of 10 ms. Figure 5.2. shows the outputs 
obtained from the video p r e a m p l i f i e r f o r the video l i n e s 
found t o be o p e r a t i o n a l , and Figure 5.3. summarises the 
a v a i l a b i l i t y of working l i n e s on each of the arrays 
(designated as arrays no. 300 t o 303 by Plessey). 
Considerable v a r i a t i o n s are obvious i n the l e v e l of 
f i x e d p a t t e r n o f f s e t noise between the arrays, from the 
reasonable (Figure 5.2. ( a ) , Array 302, Video 3) t o the 
a p p a l l i n g (Figure ( b ) . Array 300, Video 2 ) . 
Video l i n e 1 of device 300 e x h i b i t s a very i n t e r e s t i n g 
f a u l t . The f i r s t 66 (approx) diodes appear to f u n c t i o n 
s a t i s f a c t o r i l y . Diodes 67 t o 165 do not receive CP2, 
presumably because the CP2 l i n e i s broken by a defect at diode 
66. Thus the second diode of each p a i r i s permanently f u l l y 
discharged. From diode 165 onwards, the CPl l i n e i s also 
broken. For e a r l y experimental work, the f i r s t section of 
diodes of t h i s video l i n e .was used, so t h a t i n the event of 
any inadvertent.damage, a scarce, f u l l y working video l i n e 
would not be l o s t . Video l i n e 3 of array 302 was chosen as 
the l i n e t o use f o r o b s e r v a t i o n a l work. Note t h a t r e g r e t a b l y 
t h e r e i s no array which has a l i n e of 512 working elements. 
( a ) 
300 - 1 
(b) 
300 - 2 
300 - 3 
(c) (d) 
301 - 3 
302 - 3 
(e) 
FIG. 5 . 2 . FUNCTIONAL VIDEO LINES 




3 o l 
( d ) ARRA.V 303 - N O G O O D L I M E S 
F I G 5 . 3 U S E A B L E V I D E O L I N E S ( S H A D E D A R E A S ) 
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Also note t h a t the f i x e d p a t t e r n o f f s e t noise i s 
not e n t i r e l y random. That i s , there i s some d e f i n i t e l o c a l 
c o r r e l a t i o n . o f o f f s e t . This i s perhaps best i l l u s t r a t e d by 
Figure 5.2. ( d ) , showing Video l i n e 3 of array 301. I t w i l l 
be r e c a l l e d from Chapter 2 t h a t the c h i e f sources of f i x e d 
p a t t e r n o f f s e t noise are v a r i a t i o n s i n t h e a n d threshold 
voltage of the source f o l l o w e r , and i n the "on" resistance 
of the m u l t i p l e x i n g t r a n s i s t o r . These are process dependent, 
and i n the case of the "on" res i s t a n c e , geometry dependent. 
The process parameters may w e l l change slowly over the length 
of the array, but are u n l i k e l y t o vary much from element to 
element. This probably gives r i s e t o the d i s t i n c t shape 
of the o f f s e t v a r i a t i o n s . 
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5.3. A Measurement of Photoresponse 
I t was c a l c u l a t e d i n Chapter Four t h a t an output 
change of approximately 1.7 i s expected f o r each c a r r i e r 
c o n t r i b u t i n g t o the leakage c u r r e n t ( o f e i t h e r thermal or 
photon o r i g i n ) , t h i s using a v i r t u a l earth output a m p l i f i e r 
w i t h a feedback r e s i s t a n c e of 68 kn. . A simple experiment 
was c a r r i e d out t o see i f t h i s was the case, although the 
accuracy of the experiment was r e a l l y only s u f f i c i e n t t o 
prove t h a t the r e s p o n s i v i t y was or was not roughly as i t 
should be. 
A Centronic 0S1-5K p h o t o t r a n s i s t o r was used as a 
reference d e t e c t o r . This was c a l i b r a t e d by the manufacturer 
at t h r e e wavelengths, and i s also supplied w i t h a " t y p i c a l 
device" . r e s p o n s i v i t y curve. A crude " o p t i c a l bench" 
was constructed out of brass tube w i t h a l i g h t source at 
one end, and e i t h e r of the two detectors (the array or the 
p h o t o t r a n s i s t o r ) could be placed at the other end. The 
l i g h t source was a domestic t o r c h bulb running from a 
v a r i a b l e power supply, and a narrow band f i l t e r of wavelength 
54348 (Barr and Stroud 09D26). This set up produced an 
output o f 4mV from the p h o t o t r a n s i s t o r , and from the 
manufacturers data, t h i s was c a l c u l a t e d as an in c i d e n t l i g h t 
f l u x of :-
3.48 10 ^ W.m ^ 
For photons of t h i s wavelength, t h i s corresponds t o 
an i n c i d e n t photon r a t e of :-
14 -1 -2 9.51 10 photons s ^ 
By using the array i n place of the p h o t o t r a n s i s t o r , 
an output of 3.4V was observed (from a diode p a i r ) f o r a 
30 frame i n t e g r a t i o n at a frame period of 11.2mS. At the 
time of the measurement the feedback resistance i n the 
Video P r e a m p l i f i e r was 47kn.. Using these f i g u r e s y i e l d s a 
voltage decay r a t e of :-
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5.05 V s f o r a s i n g l e diode 
corresponding to a r e s p o n s i v i t y of :-
0.67 yiLV/incident photon 
Two f a c t o r s must be applied t o compare t h i s w i t h 
the 1.7 ^ V / c a r r i e r p r e d i c t e d i n Chapter Four. The feedback 
r e s i s t o r i s here 47kn r a t h e r than 68k n . Correcting f o r t h i s 
b r i n g s the r e s p o n s i v i t y t o :-
0.96 yjiV/incident photon ( f o r R^,, = 68kJi) 
This i s i n terms of i n c i d e n t photons and takes no 
account of the quantum e f f i c i e n c y of the array. . Published 
data f o r other arrays suggests a quantum e f f i c i e n c y of around 
60% at t h i s wavelength. This would give a, r e s p o n s i v i t y of :-
1.6 jxV/detected photon ' 
Thus the p r e d i c t e d (1.7 ^ V / c a r r i e r ) and measured 
(1.6 ^V/detected photon) values f o r r e s p o n s i v i t y agree 
remarkably c l o s e l y , e s p e c i a l l y since i n both cases a 
f a i r amount of ( h o p e f u l l y ) educated guesswork i s inyolyed. 
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5.4. Thermal Leakage Current Measurements 
The use of these arrays f o r astronomical imaging 
work depends very much on whether the thermal leakage 
c u r r e n t can be reduced t o an s i g n i f i c a n t l e v e l by cooling 
i n . o r d e r t o achieve long i n t e g r a t i o n periods. For t h i s 
reason, some stu d i e s were c a r r i e d out i n t o the 
behaviour of the thermal leakage current. Two 
c h a r a c t e r i s t i c s are of i n t e r s t . F i r s t i s the way i n which 
the video l e v e l s decay w i t h time, and second i s the way i n 
which.the leakage c u r r e n t behaves as a f u n c t i o n of 
temperature. 
5.4.1. Thermal Leakage Signal as a f u n c t i o n of 
I n t e g r a t i o n Time 
I f we wish t o study the s i g n a l produced by the 
thermal leakage c u r r e n t as a f u n c t i o n of i n t e g r a t i o n time, 
there are two p o s s i b l e approaches. 
The f i r s t method i s t o scan the array w i t h a given 
i n t e g r a t i o n p e r i o d , measure the s i g n a l l e v e l s , and repeat 
the measurement w i t h d i f f e r e n t i n t e g r a t i o n periods u n t i l 
s u f f i c i e n t data has been obtained. This i s a s u i t a b l e approach 
when the i n t e g r a t i o n periods involved are short. Figure 5.4. 
shows the r e s u l t s obtained f o r a p a i r of diodes i n array 300, 
at room temperature (23° C). The frame period was 11.2mS, 
and the p o i n t s obtained represent i n t e g r a t i o n s of 1 frame 
2 frames, 3 frames e t c . The upper l i n e represents V j^sET' 
the v o l t a g e t o which the diode p a i r i s recharged by the 
charge pulse. "^SIGNAL """^  l e v e l on the diode p a i r p r i o r 
t o recharge, and as expected, decays w i t h time. 
(A) S-\3A31 03a\A 
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The decay i s approximately l i n e a r at f i r s t , u n t i l 
the a rray output appears t o saturate at a t o t a l voltage 
swing of around 7V (3,5V per diode). 
The decay r a t e at room temperature due t o thermal 
leakage, from the above measurements, i s 33 V per diode. 
These f i g u r e s can be t r a n s l a t e d i n t o terms of c a r r i e r s 
from the r e s u l t s of the previous s e c t i o n . The feedback 
r e s i s t a n c e i s 47kxi. f o r these measurements, so we have a 
r e s p o n s i v i t y of about 1.14 jJiV/carrier, and thus the 
<d<jna<njc output range becomes about :-
3.1 Jr 10 c a r r i e r s 
and the thermal leakage at room temperature becomes about :-
29 X 10^ c a r r i e r s s ^  
This method of observing the leakage current becomes 
lengthy and d i f f i c u l t f o r long i n t e g r a t i o n times ( a t low 
temperatures). The second method t h a t has been used, f o r 
longer i n t e g r a t i o n times, i s t o scan the array at a 
constant frame time, but t o disable the charge pulses 
simply by s w i t c h i n g them o f f . The video l e v e l corresponding 
t o a diode p a i r now has no reset l e v e l of course, but the 
s i g n a l l e v e l on the diode p a i r can be observed. 
The r e s u l t s of two such observations at d i f f e r e n t 
temperatures are shown i n Figure 5.5. The upper graph (a) 
was obtained at a temperature (measured at the thermocouple) 
of 233°K, and the lower graph (b) at a temperature of 206 K. 
The shapes of the two c a r r i e r s are s i m i l a r , an 
i n i t i a l p e r i o d of slow decay, followed by a l i n e a r decay 
u n t i l the s i g n a l begins t o reach s a t u r a t i o n . This i s a 
commonly observed shape when c a r r y i n g out t h i s type of 
observation. 
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The presence of t h i s plateau at e a r l y times 
appears t o i n d i c a t e a t h r e s h o l d a f f e c t . I t seems 
t h a t the leakage c u r r e n t does not begin t o a f f e c t 
the output s i g n a l u n t i l the i n t e g r a t e d dark s i g n a l 
has exceeded a c e r t a i n value. The i n v e s t i g a t i o n 
of t h i s p l a t e a u region proved extremely d i f f i c u l t , 
as accurate r e p e t i t i o n of the e f f e c t was not possible, 
probably due t o lack of r e p e a t a b i l i t y of the thermal 
c o n d i t i o n s w i t h the r a t h e r crude temperature c o n t r o l 
system. 
5.4.2, Leakage Current as a f u n c t i o n of Temperature 
The thermal leakage current has been measured 
over a wide range of temperatures using the methods 
described above. The leakage r a t e has been taken 
as the g r a d i e n t of the l i n e a r p a r t of the decay, 
measured i n V s'per diode; This has then been converted 
2 
t o u n i t s o f c a r r i e r s / s e c / c m t o enable comparison w i t h 
p u b l i s h e d r e s u l t s f o r other arrays. Figure 5.6. shows the 
leakage c u r r e n t c a l c u l a t e d i n t h i s way and p l o t t e d as 
a f u n c t i o n of temperature. 
The p o i n t s marked as s o l i d c i r c l e s were obtained 
using the heater i n the c r y o s t a t t o generate the desired 
temperature. As mentioned, t h i s i s not a very s a t i s f a c t o r y 
arrangement and probably accounts f o r the spread i n the data. 
The three data p o i n t s p l o t t e d as crosses, however, were 
obtained w i t h o u t the use of the heater, and are b e t t e r 
d e f i n e d and more repeatable. 
The high temperature p o i n t i s room temperature (297°K) 
obtained w i t h the c o l d f i n g e r of the c r y o s t a t i n f r e e a i r . 
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The low temperature p o i n t (155°K) was achieved by 
immersing the cold f i n g e r i n l i q u i d n i t r o g e n and without 
using the heating r e s i s t o r . The intermediate p o i n t (230°K) 
was obtained by immersing the cold f i n g e r i n a f r e e z i n g 
mixture of dry i c e and acetone, again w i t h no heater. 
The s o l i d l i n e drawn on the graph i s a v i s u a l 
"best f i t " t o the data. Two other l i n e s are shown f o r 
comparison. Line (b) i s a f i t t o the data obtained by 
L i v i n g s t o n et a l ^ according t o the e m p i r i c a l 
3 ) 
r e l a t i o n s h i p by Geary '. 
1 = 1 2 ( T - T ^ ) M L o 
and i s taken from Figure 2.7. Also from Figure 2.7. i s the 
curve p l o t t e d as l i n e ( c ) i n Figure 5.6. This i s a f i t 
4) 
t o the data of Vogt et a l according t o the r e l a t i o n s h i p 
\^ = const, T^/^ exp (-7015/T) 
derived by Campbell^\ 
The data f o r t h i s array c l e a r l y does not f i t the 
e m p i r i c a l r e l a t i o n s h i p of Geary, as t h i s would p l o t 
as a s t r a i g h t l i n e on Figure 5.6, I t i s also seen t o 
deviate from the behaviour p r e d i c t e d by Campbell, I t 
does however have a s i m i l a r order of magnitude i n the 
room temperature region t o the leakage currents observed 
by these workers. G.R. Hopkinson ' has shown t h i s 
experimental data t o f i t w e l l t o the r e l a t i o n s h i p , 
T = const. 10-2000/T 
L 
I n the r egion around room temperature, the leakage 
c u r r e n t approximately halves f o r every 8° drop i n temperature. 
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The decay r a t e due t o thermal leakage at the coldest 
p o i n t measured was 1.08 ixV per diode. From Section 
6 
5.4,1., t h i s would s a t u r a t e the array i n about 3.24 x 10 
seconds, or 900 hours! Thus by cooling the cr y o s t a t w i t h 
l i q u i d n i t r o g e n , we can e a s i l y reduce the leakage current 
t o the p o i n t where i t i s n e g l i g i b l e . 
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5.5. S p e c t r a l Response 
The measurement of s p e c t r a l response was not 
poss i b l e at Durham due t o the ( a t t h a t time) very 
l i m i t e d o p t i c a l t e s t f a c i l i t i e s a v a i l a b l e . Following 
the completion of the observational t e s t s at the R.G.O., 
a monochromator belonging t o Dr Mc Mullan's group was 
made a v a i l a b l e t o us f o r a short p e r i o d . Transporting 
the e n t i r e system from the dome of the 30" telescope 
f o r the t e s t s was i m p r a c t i c a l , and t h e r e f o r e the 
measurements were c a r r i e d out w i t h the minimum of 
supporting e l e c t r o n i c s . The Clock Phase Generator was 
used o p e r a t i n g i n a stand alone fashion, so the 
i n t e g r a t i o n p e r i o d was equal t o a s i n g l e frame period. 
The frame p e r i o d was adjusted t o give a " s e n s i t i v i t y " 
s u i t e d t o the a v a i l a b l e l i g h t l e v e l s , by varying the 
input c lock frequency. Signals were monitored by an 
o s c i l l o s c o p e at the output of the Video P r e a m p l i f i e r . 
The usable range of the .monochromator was 400 - 1000 nm. 
The measurement was done twice, once w i t h the array at 
room temperature (20°C) and again w i t h the c r y o s t a t 
cooled by l i q u i d n i t r o g e n t o about -120°C. The 
r e l a t i v e s p e c t r a l responses obtained are p l o t t e d i n 
Figure 5.7. This demonstrates the increase i n s e n s i t i v i t y 
at the red end of the spectrum at the higher temperature. 
This was described i n Chapter 2, and i s due t o the increase 
i n the s i l i c o n band-gap energy w i t h temperature. 
No i n t e r f e r e n c e e f f e c t s are v i s i b l e i n t h i s data. 
However, the l i g h t was not w e l l c o l l i m a t e d and the measured 
p o i n t s are at i n t e r v a l s of 50nra. I t i s possible t h a t such 
e f f e c t s - w i l l be observed under more c a r e f u l l y c o n t r o l l e d 
experimental c o n d i t i o n s . 
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5.6. _ Random Noise Measurements 
The p r e l i m i n a r y i n v e s t i g a t i o n s i n t o the random noise 
c h a r a c t e r i s t i c s of the array have been described i n 
d e t a i l i n an I n t e r n a l Report '. A b r i e f mention w i l l 
be made here of some o f the f i n d i n g s . 
Due t o the wide v a r i a t i o n s i n o f f s e t s from diode 
t o diode, i t i s p o s s i b l e t o select a diode and amplify 
i t s video l e v e l such t h a t w i t h a s u i t a b l e D.C. o f f s e t on 
the o s c i l l o s c o p e , t h a t video l e v e l i s the only t r a c e v i s i b l e 
on t he o s c i l l o s c o p e screen. For example, at a v e r t i c a l 
gain of 5mV/DIV,,(50raV f u l l s c a l e ) , i f the mean video 
l e v e l f o r the de s i r e d diode i s displayed at the centre 
of t he screen, an u n c l u t t e r e d t r a c e can be obtained as 
long as no other video l e v e l i n the frame i s w i t h i n 
25raV, Then by running w i t h a time base t h a t i s very 
slow compared t o the frame time, a " h i s t o r y " of a p a r t i c u l a r 
video l e v e l can be b u i l t up over a large number of .frames. 
By " p a i r i n g " the charge pulses, and running the 
array i n the dark and cooled by l i q u i d n i t r o g e n , there 
i s a d i f f e r e n c e o f a few m i l l i v o l t s between the s i g n a l l e v e l 
and the re s e t l e v e l of a p a i r of diodes. This d i f f e r e n c e i s 
i n f a c t of the opposite sense t o t h a t expected, but t h i s w i l l 
be discussed i n Chapter 6, and i s not important here. 
This d i f f e r e n c e of a few m i l l i v o l t s works t o our 
b e n e f i t , as i t i s po s s i b l e t o dis p l a y simultaneously the 
s i g n a l l e v e l and the reset l e v e l of a p a i r of diodes. 
Figure 5.8 shows such a " h i s t o r y " of the two l e v e l s w i t h 
the a r r a y operated at a frame time of 11.3 mS. The l e v e l s 
appear as wide bands r a t h e r than l i n e s because o f the 
r i n g i n g and s w i t c h i n g t r a n s i e n t s t h a t are superimposed on 
the video. From t h i s t r a c e , i t can be seen t h a t there i s 
indeed a c o r r e l a t i o n between the v a r i a t i o n s on the two 
l e v e l s , w i t h a c o r r e l a t i o n time of the order of tens of 
m i l l i s e c o n d s . 
5mV 
200ms 
FIG.5.8. RANDOM NOISE 
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The r.m.s. noise on the s i g n a l l e v e l i s measured i n 
t h i s way to be 2.2mV. T h i s corresponds to a noise of 
about 2000 c a r r i e r s r.m.s. T h i s i s for a p a i r of diodes, 
and the n o i s e on a s i n g l e diode should be 2000/V2 ^ % 
1400 c a r r i e r s r.m.s. 
An es t i m a t e of the e f f e c t i v e n e s s of double sampling 
can be obtained by c a l c u l a t i n g the r.m.s. v a r i a t i o n i n the 
d i f f e r e n c e s between the s i g n a l and the r e s e t l e v e l s . In t h i s 
case the r.m.s. noise i s reduced to about 0.5 mV or about 
440 c a r r i e r s f o r the diode p a i r e d operation. T h i s y i e l d s 
an estimate.of about 310 c a r r i e r s r.m.s. for a s i n g l e diode, 
double sampled. 
These f i g u r e s must be t r e a t e d with some caution, 
e s p e c i a l l y i n the way i n which the r e s u l t s from a diode 
p a i r are e x t r a p o l a t e d to the s i n g l e diode case. They 
do however serve to demonstrate the use of double 
sampling i n reducing c o r r e l a t e d noise. 
For comparison, random noise f i g u r e s observed 
8 ) 
by other workers f o r Reticon devices are shown below :-
Geary 4700 detected photons 
Campbell 3800 detected photons 
L i v i n g s t o n et a l , 950 detected photons 
Vogt et a l 750 detected photons 
. _ Walker et a l 1100-3600 detected photons 
Smithson 7000 detected photons 
Dra v i n s 2000 detected photons 
Many of these quoted noise f i g u r e s i n c l u d e noise 
generated i n the e x t e r n a l e l e c t r o n i c s and do not always 
r e p r e s e n t t r u e p o t e n t i a l device performance. 
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5.7. L i n e a r i t y and Lag 
The l i n e a r i t y of a detector i s of prime importance 
i n high accuracy spectrographic work. Techniques do 
e x i s t to remove n o n - l i n e a r i t i e s , and these are applied 
to data obtained from photographic p l a t e s . However, 
the s t r e n g t h of the diode a r r a y such as the Reticon 
has been i n i t s unquestioned l i n e a r i t y , and no measurable 
d e v i a t i o n from l i n e a r i t y has been reported for a recharge 
sampling a r r a y . S i m i l a r l y , diode a r r a y s have' always 
been put forward as devices that are f r e e from image 
r e t e n t i o n or l a g . 
I n the case of an i n t e g r a t i n g detector, there 
are two r a t h e r d i f f e r e n t aspects of l i n e a r i t y to be 
i n v e s t i g a t e d . The f i r s t i s the behaviour of the output 
s i g n a l when the l i g h t i n t e n s i t y i s constant, and the 
i n t e g r a t i o n period i s v a r i e d . Secondly i s the case where 
the i n t e g r a t i o n period remains constant and the l i g h t 
i n t e n s i t y i s v a r i e d . 
The i n i t i a l l a boratory measurements on l i n e a r i t y 
have been d e s c r i b e d i n an I n t e r n a l Report ^ and w i l l not 
be repeated here i n d e t a i l . Some important aspects w i l l 
be d e s c r i b e d which have a bearing on l a t e r s e c t i o n s of 
t h i s work. 
A problem became apparent, when i n v e s t i g a t i n g the 
output s i g n a l as a f u n c t i o n of i n t e g r a t i o n time for a 
steady l i g h t i n t e n s i t y . The a r r a y was being operated with 
the Stand Alone C o n t r o l l e r and the Programmable Divi d e r 
d e s c r i b e d i n Chapter Four. The frame time was 
approximately llmS, and with the weak i l l u m i n a t i o n used, 
the s i n g l e frame i n t e g r a t i o n period produces only a very 
s m a l l , i n s i g n i f i c a n t output. Then, a f t e r the "START" 
button i s pressed, the s e l e c t e d i n t e g r a t i o n period was 
repeated i n d e f i n i t e l y . The problem noted was that the 
readout f o l l o w i n g the f i r s t i n t e g r a t i o n was not i d e n t i c a l 
to the readout a f t e r the second and so on. T h i s occurred 
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fo r l i g h t l e v e l s t h at cause a discharge of about lOOmV s"'^ 
per diode p a i r , but was not n o t i c e a b l e at higher l i g h t 
l e v e l s . The t y p i c a l behaviour of the video l e v e l s of a 
diode p a i r i s shown i n Figure 5.9. Readout 0 i s the s t a t e 
of the video waveform before beginning the i n t e g r a t i o n , a f t e r 
the a r r a y has been recharged repeatedly. 
Readout 1 i s the video waveform at the end of the 
f i r s t i n t e g r a t i o n period. The array, having been recharged 
once d u r i n g t h i s readout frame i s allowed to i n t e g r a t e for 
another, i d e n t i c a l period. 
Readout 2 i s the video from the readout at the end of 
t h i s second i n t e g r a t i o n period, and s i m i l a r l y Readout 3 i s 
the video from the readout at the end of the t h i r d 
i n t e g r a t i o n p e r i o d . Subsequent readouts are s i m i l a r to 
Readout 3, t h a t i s , the video l e v e l s seem to have s t a b i l i s e d 
S e v e r a l p o i n t s a r i s e from t h i s :-
( a ) The recharge l e v e l s are not constant. 
(b ) I f the s i g n a l i s derived by double sampling, 
t h a t i s s u b t r a c t i n g the s i g n a l l e v e l from the 
recharge l e v e l , then the f i r s t measurement 
of the i n t e g r a t e d s i g n a l (Vg i n Figure 5.9.) i s 
an underestimate of the f i n a l , e q u i l i b r i u m 
i n t e g r a t e d s i g n a l as measured by double sampling 
i n Readouts 3 and l a t e r ^ ( V ) . T h i s (V ) appears 
to be a good estimate of the i n t e g r a t e d s i g n a l , 
as i t i s u s u a l l y equal to V^, the amount by whicl 
the " s i g n a l " video dropped between Readout 0 and 
Readout 1. T h i s (V ) i s the s i g n a l that would b( 
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( c ) T h i s behaviour cannot be explained by " l a g " i n 
the t r a d i t i o n a l sense. There has been no step 
change i n the i l l u m i n a t i o n l e v e l . 
The e f f e c t of t h i s underestimation of s i g n a l on the 
l i n e a r i t y of the detector can be seen i n Figure 5.10., which 
shows the i n i t i a l (Vg) and f i n a l (V^ ) estimates of the 
i n t e g r a t e d s i g n a l p l o t t e d as a function of i n t e g r a t i o n time. 
The p l o t of the f i n a l estimates d i s p l a y s the good l i n e a r i t y 
hoped f o r . 
The i m p l i c a t i o n s of t h i s are d i s t u r b i n g . I t appears 
t h a t the c o r r e c t value i s only obtained a f t e r a number of 
i d e n t i c a l i n t e g r a t i o n frames. For long i n t e g r a t i o n times 
t h i s i s an i m p r a c t i c a l way of a r r i v i n g at the c o r r e c t value. 
A l t e r n a t i v e l y , the f i r s t " s i g n a l " video l e v e l can be 
compared with the preceeding "recharge" video l e v e l . T h is 
d e s t r o y s the advantages of double sampling, and can only 
be used when recharging with "paired" charge p u l s e s 
( i . e . poorer s p a t i a l r e s o l u t i o n ) . 
The s i t u a t i o n becomes even worse at lower l i g h t 
l e v e l s . More readouts are required before a s t a b l e 
s i t u a t i o n i s reached, and a l s o the "non-destructive" 
s i g n a l e s t i m a t e (V^) i s no longer equal to the e q u i l i b r i u m 
value (V^ ) • 
Other problems of t h i s type have been described 
i n d e t a i l i n the I n t e r n a l Report , and are s t i l l under 
i n v e s t i g a t i o n at the time of w r i t i n g . The sources of the 
problem appear to be slow charge t r a n s f e r through the 
a m p l i f y i n g t r a n s i s t o r , and incomplete recharge. 
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L i n e a r i t y of the array when operated with a constant 
i n t e g r a t i o n time and v a r i a b l e l i g h t input has a l s o been 
shown i n the I n t e r n a l Report, although t h i s l i n e a r i t y i s 
c o n d i t i o n a l on the readout chosen for p l o t t i n g as for the 
measurements above. 
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5.8. Impulse Response 
In the hope of c l a r i f y i n g some of the problems of 
t h r e s h o l d , l a g and n o n - l i n e a r i t y encountered i n previous 
measurements, an attempt was made to observe the detection 
and i n t e g r a t i o n process on a s i n g l e element as i t was 
exposed to a'pulse of l i g h t . Previous t e s t s had a l l been 
done under steady s t a t e i l l u m i n a t i o n conditions. 
U n f o r t u n a t e l y , the design of the array does not allow 
d i r e c t a c c e s s to a s i n g l e element, because the s h i f t r e g i s t e r s 
are dynamic and cannot be h a l t e d to d i s p l a y the s e l e c t e d 
element. The f o l l o w i n g scheme was devised to simulate 
such a s i t u a t i o n . 
The readout sequence and pulse timing i s shown in 
F i g u r e 5.11. The i n t e g r a t i o n Control Module i s used under 
program c o n t r o l to define t h i s sequence. 
The frame time i s 4 seconds (the array i s cooled 
with l i q u i d n i t r o g e n ) . The charge pulse l i n e s are held 
high f o r f i v e frame times to ensure complete recharging. 
The charge p u l s e s are then enabled f o r the next frame. 
Simultaneously, a spare output from the I n t e g r a t i o n Control 
Module i s used to t r i g g e r a LED ( l i g h t emitting diode) v i a 
two a d j u s t a b l e monostables (pulse delay and pulse width). 
T h i s LED pulse i s adjusted by the pulse delay monostable 
to " f i r e " during the f i r s t s i g n a l l e v e l of the video 
waveform of the element under i n v e s t i g a t i o n . In Figure 
5.11 t h i s i s shown as the second video waveform ( i . e . 
diode p a i r 3, 4 ) . 
The long frame time was chosen to enable LED pulses 
i n the region of 1ms wide to be used. The LED i l l u m i n a t e s 
the a r r a y and produces a c h a r a c t e r s t i c slope on the waveform 
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The video waveform i s d i s p l a y e d on a storage 
o s c i l l o s c o p e , t r i g g e r e d v i a a delayed timebase by the 
I n t e g r a t i o n Control Module. Figure 5 . 1 2 shows a s e t 
of s i x t r a c e s obtained with L E D pulse widths of 50j J l s 
to 5 fas,and a constant L E D voltage. The upper t r a c e 
i n each photograph i s the video l e v e l , and the lower 
t r a c e i s the timing of the L E D pulse (the height of 
the lower waveform i s not r e p r e s e n t a t i v e of the 
magnitude of the L E D voltage however). 
These photographs a l l show a l i n e a r decay of s i g n a l 
during the f l a s h , and show the element as a p e r f e c t 
i n t e g r a t o r . The decay r a t e i n a l l these i s approximately 
7 8 Vs"-^. 
The second s e r i e s of photographs, shown i n Figure 
5 . 1 3 . , was obtained with a l a r g e r voltage on the L E D and 
consequently a higher l i g h t i n t e n s i t y . The decay r a t e 
i s approximately 4 8 0 Vs . The decays displayed i n t h i s 
sequence are obviously non-linear, and as the exposure 
time i s i n c r e a s e d , the voltage change under-estimates 
the a c t u a l i n t e g r a t e d l i g h t i n t e n s i t y . 
The magnitudes of the s i g n a l s involved i n t h i s 
sequence are very s i m i l a r to those shown i n Figure 5 . 1 2 . 
(d, e and f ) , so t h i s does not appear to be a s a t u r a t i o n 
e f f e c t , but r a t h e r an i n a b i l i t y to t r a n s f e r at a high 
r a t e of discharge. 
Also, the exposure times involved i n t h i s sequence 
are s i m i l a r to those i n Figure 5 . 1 2 ( a , b and c ) , so i t 
does not appear to be a simple problem of a time constant 
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A f u r t h e r point of i n t e r e s t i s the behaviour a f t e r 
the end of the LED f l a s h i n the photographs of Figure 5.13. 
The video l e v e l seems to continue to discharge a f t e r the 
end of the LED f l a s h . 
The r a t h e r l i m i t e d evidence so f a r seems to 
suggest that at high l i g h t l e v e l s , s i g n a l t r a n s f e r 
from the diode to the storage capacitance i s slower 
than the s i g n a l generation i n the diode, and consequently, 
even a f t e r the end of the l i g h t impulse, some s i g n a l i s 
s t i l l being t r a n s f e r r e d . 
Unfortunately, the use of a storage scope i n t h i s 
a p p l i c a t i o n i s f a r from i d e a l , and the sequences of photo-
graphs shown i n F i g u r e 5.12. and 5.13. took a good many 
days to obtain. A f a s t t r a n s i e n t recorder i s more s u i t a b l e 
f o r t h i s type of i n v e s t i g a t i o n , and such an instrument has 
s i n c e been obtained by the group. Furthermore i t would be 
i n s t r u c t i v e to have a f a s t ( n o n - i n t e g r a t i n g ) photodetector 
mounted alongside the array i n order to observe the a c t u a l 
shape of the LED output p u l s e . 
T h i s type of experiment could, i f properly instrumented, 
be very v a l u a b l e i n i n v e s t i g a t i n g the p r o p e r t i e s of the array 
element, as i t g i v e s us a i n s i g h t i n t o the i n t e g r a t i o n process 
t a k i n g p l a c e . I t a l s o demonstrates the v e r s a t i l i t y of the 
computer c o n t r o l system f o r conducting experiments that would 
otherwise not be p o s s i b l e . 
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5.9. Summary 
Some i n i t i a l measurements on the c h a r a c t e r i s t i c s 
of the P l e s s e y a r r a y s have been c a r r i e d out. The 
photoresponse of the a r r a y has been shown to agree with 
the f i g u r e p r e d i c t e d from the device parameters. S i m i l a r l y , 
the s p e c t r a l response behaves as expected and demonstrates 
the r e d u c t i o n i n red-end s e n s i t i v i t y at low temperature that 
was p r e d i c t e d i n Chapter 2. Thermal leakage current can 
be reduced to i n s i g n i f i c a n t l e v e l s by cooling the array, and 
the behaviour of the leakage current with temperature agrees 
roughly with the observations of other workers using Reticon 
d e v i c e s . T i g h t e r c o n t r o l of ar r a y temperature i s needed 
before repeatable measurements on thermal leakage c h a r a c t e r i s t i c s 
can be made, but some s o r t of t h r e s h o l d e f f e c t i s apparent. 
The random noise has been measured crudely as about 
1400 c a r r i e r s , f o r a non-destructive readout, reducing to 
about 310 c a r r i e r s for a double sampled read. These f i g u r e s 
compare favorably with those obtained by other workers using 
Reticon d e v i c e s . 
When attempting to measure l i n e a r i t y , a number of 
problems have a r i s e n . These seem to be r e l a t e d to slow 
charge t r a n s f e r from the.diode to the i n t e g r a t i n g capacitance 
and to incomplete recharge by the charge pu l s e s . Attempts 
have been made to i d e n t i f y these problems by i n v e s t i g a t i n g the 
impulse response of an a r r a y element. I n i t i a l r e s u l t s are 
encouraging, and f u r t h e r i n v e s t i g a t i o n s i n t o the sources of 
n o n - l i n e a r i t y and l a g are continuing. 
Some f u r t h e r p o i nts regarding the above c h a r a c t e r i s t i c s 
arose during the o b s e r v a t i o n a l t r i a l s at the R.G.O. 30 inch 
t e l e s c o p e . These w i l l be d i s c u s s e d i n the following Chapter. 
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CHAPTER SIX 
Operation of a P l e s s e y Array at the 30 inch 
Telescope of the R.G.O. 
By the end of J u l y 1978, the co n t r o l and a c q u i s i t i o n 
system described i n Chapter 4 was s u f f i c i e n t l y near 
completion to begin t e s t s of the array on a telescope 
spectrograph. While the author and A.W. Campbell''"^ had 
2) 
been developing the e l e c t r o n i c s systems, A. Humrich had 
been designing the mechanical and cryogenic systems required 
to mount the ar r a y . The experiment was transported to and 
se t up a t the 30 inch t e l e s c o p e at the R.G.O. during the 
l a s t days of J u l y , and was operated there throughout August. 
T h i s Chapter d e s c r i b e s the experimental s e t up, the 
o p e r a t i o n a l software developed for the a c q u i s i t i o n and d i s p l a y 
of s t e l l a r s p e c t r a , some of the problems encountered during 
operation,arid p r e s e n t s some of the i n i t i a l r e s u l t s which are 
of i n t e r e s t from the systems and device aspect. A detailed". 
d e s c r i p t i o n of the observing programia.e, the a n a l y s i s techniques 
used and the astronomical r e s u l t s obtained w i l l be presented 
2 ) 
by A. Humrich '. 
6.1. The Instrument 
There are t h r e e . d i s t i n c t p a r t s to the observing 
instrument, these being the telescope, the spectrograph 
and the diode a r r a y mounting. These w i l l be discussed 
b r i e f l y i n turn. D e t a i l e d d e s c r i p t i o n s w i l l be given 
2 ) 
by A. Humrich '. 
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6.1.1. The Telescope 
The 30 inch telescope began i t s o p e r a t i o n a l l i f e 
as p a r t of the Thompson e q u a t o r i a l telescope group 
i n s t a l l e d p r i o r t o the t u r n of the century at the 
Greenwich s i t e . The Thompson group also contained the 
26 inch r e f r a c t o r . 
When moved t o the Herstmonce^ux s i t e a f t e r the 
war, these two telescopes were sepo-rated and the 30 inch 
r e f l e c t o r was i n s t a l l e d on a new mount i n "A" dome, 
i t s c u r r e n t l o c a t i o n . 
A f t e r some i n i t i a l work on p h o t o e l e c t r i c photometry, 
a coude focus spectrograph was proposed. Such a permanent 
spectrograph .would be much more s t a b l e than a demountable 
Cassegrain focus instrument, and would provide an e a s i l y 
accessible test-bed f o r new instruments such as image tube 
systems. 
The, conventional approach t o the p r o v i s i o n of a 
coude focus i s shown i n Figure 6.1. The l i g h t i s r e f l e c t e d 
down the p o l a r axis of the mount v i a a plane m i r r o r on the 
d e c l i n a t i o n a x i s . Such a c o n f i g u r a t i o n was not possible 
on the 30 inch telescope due t o mechanical c o n s t r a i n t s and 
i n s t e a d the l i g h t i s r e f l e c t e d up the polar a x i s , and then 
down onto the spectrograph s l i t . The layout of the 30 inch 
telescope and the coude focus i s shown i n Figure 6.2. 
6.1.2. The Coude Spectrograph 
A coude spectrograph i s a very useful t o o l f o r high 
d i s p e r s i o n spectroscopy. The p h y s i c a l size of a high dispersion 
instrument p r o h i b i t s i t s use at most Cassegrain focus p o s i t i o n s 
S i m i l a r l y , the mounting of a detector at a Cassegrain focus 
imposes weight, access and mechanical c o n s t r a i n t s on the 
mounting system. 
COUDE ROOM 
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ARRANGEMENT 
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The coude spectrograph at the 30 inch r e f l e c t o r i s 
arranged w i t h the d i s p e r s i o n i n a v e r t i c a l axis at the 
f i n a l focus. The g r a t i n g i s r u l e d at 830 lines/mm t o 
give f i r s t and second order dispersions of 10 and 5 8/mm 
r e s p e c t i v e l y . This t r a n s l a t e s f o r the Plessey array t o , 
f o r f i r s t order, a r e s o l u t i o n of 0.45 8/diode and a range 
of 115 8 , and f o r second order a r e s o l u t i o n of 0.225 8/diode 
d a range of 58 8 . . an 
Two r a i l s are a v a i l a b l e , set i n concrete, f o r the 
mounting of d e t e c t o r s . 
6.1.3. Diode Array Mounting and Cooling 
The mechanical mount f o r the diode array permits 
movement of the array h o r i z o n t a l l y and v e r t i c a l l y , and also 
allows f o r r o t a t i o n of the array. These three adjustments 
are by micrometer. The e n t i r e mounting t r o l l e y can 
s l i d e backwards and forwards on the r a i l s i n the spectrograph, 
The array mount incorporates a c o l d f i n g e r c r y o s t a t 
and a l i q u i d n i t r o g e n dewar. The cryogenic system has been 
3) 
described i n an I n t e r n a l Report by A. Humrich . 
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6.2. Observational Software 
With the c o n t r o l hardware developed and constructed, 
and the mechanical mount f o r the array complete, i t 
remained t o develop a s u i t a b l e i n t e g r a t i o n scheme and a 
s u i t e o f programs t o implement and support i t . In the 
f o l l o w i n g s e c t i o n s , a complete exposure, s t a r t i n g w i t h 
i n i t i a l i s a t i o n by the user and ending w i t h r e t u r n of c o n t r o l 
t o .the user w i l l be r e f e r r e d t o as a run. 
6.2.1. I n t e g r a t i o n Scheme 
I n order t o ensure t h a t p r i o r t o an i n t e g r a t i o n , 
recharging i s as complete as possible, the s t a r t i n g sequence 
of a run i s a number of frames ( t y p i c a l l y 25) during which 
the recharge pulses are enabled. Re f e r r i n g t o Chapter 4, 
Table 4.1., t h i s r e q u i r e s a Maslc word, of 3. The l a s t of 
these frames i s d i g i t i s e d and stored (Mask 7 ) , and t h i s readout 
w i l l be used l a t e r t o s u b t r a c t f i x e d p a t t e r n noise from a 
non-destructive readout. For t h i s reason, t h i s readout i s 
named FPNl. 
The i n t e g r a t i o n p e r i o d now begins. I t w i l l be seen 
from Table 4.1. t h a t two c o n d i t i o n s are a v a i l a b l e t o achieve 
i n t e g r a t i o n . As long as the charge pulses and memory load 
pulses are both d i s a b l e d , the LSR pulse can be e i t h e r enabled 
(Mask 1) or di s a b l e d (Mask 0 ) . The LSR pulse decides 
whether or not a b i t i s t o be loaded i n t o the s h i f t r e g i s t e r . 
I t has been suggested t)y other workers using Reticon arrays 
t h a t the temperature of an array can change s i g n i f i c a n t l y . 
between when i t i s clocked and when i t i s not, due t o the 
power d i s s i p a t i o n i n the r e g i s t e r . I n theory, the power 
d i s s i p a t i o n i n the s h i f t r e g i s t e r of the Plessey array i s due 
s o l e l y t o the capacitance of the clock l i n e s and i s independent 
of the s t a t e of the "data" i n the r e g i s t e r . Even so, i t was 
f e l t t h a t i t would be advisable t o avoid any changes i n the 
r e g i s t e r c l o c k i n g d u r i n g an exposure, so the LSR pulse i s 
kept enabled throughout i n t e g r a t i o n frames. 
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The i n t e g r a t i o n p e r i o d i s selected by the user at 
the s t a r t of a run. At any time during the i n t e g r a t i o n 
p e r i o d the user can request a non-destructive read or a 
run t e r m i n a t i o n by means of the f r o n t panel buttons 
on the I n t e g r a t i o n C o ntrol Module. 
When a request f o r a non-destructive read i s 
i d e n t i f i e d , the memory load pulses are enabled f o r one 
frame (Mask 5 ) , and the d i g i t i s e d video loaded i n t o memory. 
The memory contents are then t r a n s f e r r e d to the computer. 
The raw data from the non-destructive read i s rather 
meaningless t o the operator because of the f i x e d p a t t e r n 
o f f s e t noise superimposed on i t . The reset values from 
FPNl are subtracted from t h i s data, r e s u l t i n g i n a 256 
po i n t spectrum i n which only 128 po i n t s are.independent. 
This i s because of the diode p a i r i n g i n the NDRO data. 
Following t h i s s u b t r a c t i o n , the raw data and the "subtracted" 
spectrum are displayed t o the user simultaneously on a 
s p l i t screen. When the d i s p l a y has been w r i t t e n the NDRO 
request b u t t o n i s re-enabled. A second NDRO overwrites the 
computer memory space reserved f o r the f i r s t . Thus the 
computer memory a l l o c a t e d t o NDRO always r e f e r s t o the 
most recent non-destructive read. 
At the end o f the requested i n t e g r a t i o n period, or when 
the user requests a run t e r m i n a t i o n , a double sample read, frame 
(DSRO) i s e f f e c t e d by enabling the charge pulse and memory 
load commands (Mask 7 ) . 
The DSRO i s then t r a n s f e r r e d , "subtracted" (using i t s 
own res e t l e v e l s ) and displayed as f o r the NDRO. Meanwhile, 
f o r the next 50 frames f o l l o w i n g the DSRO, the charge pulses 
remain enabled. Then a second DSRO frame i s taken, and t h i s 
i s known as FPN2. This i s used t o monitor d r i f t s i n 
a m p l i f i e r gain and o f f s e t , since i n the absence of these i t 
w i l l be i d e n t i c a l t o FPNl. 
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During the run, the user's VDU screen displays 
the c u r r e n t frame number and the frame number of the l a s t 
n on-destructive readout. Audible s i g n a l s are generated 
by the VDU t o s i g n a l the s t a r t and end of the i n t e g r a t i o n , 
At the end of the run, c o n t r o l i s returned to the user's 
VDU. 
6.2.2. Display, I n s p e c t i o n and Dumping of Spectra 
At the end of the run, the user has the f a c i l i t y 
t o view on the storage d i s p l a y any of the four.recorded 
"spectra" (FPNl, NDRO, DSRO.and FPN2), t o display 
" s u b t r a c t e d " spectra, t o ob t a i n VDU or hard copy l i s t i n g s 
of raw or subtracted data, or t o obtain a dump of the data 
on punched paper tape. At any time, the user can escape 
from these i n s p e c t i o n r o u t i n e s t o begin a new run. The 
dumped data can be obtained i n long or short format. I n 
both formats, a 20 word run header i s punched f o l l o w i n g an 
"a l l - o n e s " s t a r t of dump character (2 - 1 ) . The run header 
contains data r e l a t i n g t o the run, such as run number, 
i n t e g r a t i o n time e t c . The long format dump f o l l o w s the 
header w i t h the 2048 data words describing the raw data 
(512 each f o r FPNl, NDRO, DSRO and FPN2). Each word 
re q u i r e s 2 (8 b i t ) punched characters and the dump i s thus 
4138 characters long - some 35 feet of paper tape i n a l l . 
The sh o r t format dump f o l l o w s the 20 word header w i t h only 
256 words d e s c r i b i n g the "subtracted" double sample readout. 
The CATY program w r i t t e n t o perform the above o n - l i n e 
f u n c t i o n s i s l i s t e d and b r i e f l y described i n Appendix D. 
Figure 6.3. i s a s i m p l i f i e d flow diagram of . t h i s program. 
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6.2.3. A d d i t i o n a l User Programs 
Further programs have been developed i n CATY f o r 
execution on.the PDP 11/03 t o a s s i s t the user. The most 
i n t e r e s t i n g o f these i s the spectrum d i v i s i o n program, 
which d i v i d e s the subtracted DSRO spectrum by a subtracted 
DSRO spectrum from a tungsten c a l i b r a t i o n exposure. 
As has been described, the raw DSRO data has had 
removed from i t the f i x e d p a t t e r n o f f s e t noise by sub-
t r a c t i o n of the second video l e v e l from the f i r s t , and 
the reset l e v e l from the second video l e v e l , f o r each diode 
p a i r . The: f i x e d p a t t e r n r e s p o n s i v i t y noise i s however 
s t i l l present i n t h i s "subtracted" spectrum. 
This can only be removed by a knowledge of the 
i n d i v i d u a l diode r e s p o n s i v i t i e s at the p a r t i c u l a r wave-
len g t h imaged by each diode. The most p r a c t i c a l method 
i s t o image the spectrum of a black body r a d i a t o r onto 
the a r r a y , and t o d i v i d e the "subtracted" s t e l l a r spectrum 
by the the "s u b t r a c t e d " black body spectrum. I n t h i s way 
diode-to-diode v a r i a t i o n s i n r e s p o n s i v i t y are removed, 
as are some types of impe r f e c t i o n i n the spectrograph. 
The " f o l d i n g i n " of the black body spectrum must be taken 
i n t o account when analysing the r e s u l t a n t spectrum. A 
reasonable approximation t o a black body source i s a 
domestic tungsten l i g h t bulb, and such a bulb i s i n s t a l l e d 
i n the spectrograph f o r t h i s purpose. 
I n use, a f t e r the s t e l l a r exposure has been made, 
and a shor t dump obtained of the subtracted spectrum, a 
sho r t exposure i s made on the tungsten spectrum and a 
short dump produced. The o f f - l i n e D i v i s i o n program i s then 
used t o d i v i d e the two dumped spectra and display the 
r e s u l t . A scale f a c t o r can be applied t o the d i v i s i o n t o 
produce the r e s u l t a n t spectrum i n u s e f u l u n i t s . 
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Op e r a t i o n a l l y i t would be of more value t o the user i f 
such a tungsten d i v i s i o n r o u t i n e could be incorporated 
i n t o the o n l i n e data a c q u i s i t i o n program. At the time, 
i n s u f f i c i e n t memory was a v a i l a b l e i n the PDP 11 t o implement 
such a program. I n f a c t , the o n - l i n e program as l i s t e d i n 
Appendix D w i l l not execute i n 16K words, and many of the 
remark (REM) statements included there t o make the l i s t i n g 
more readable have t o be deleted. 
Other programs a v a i l a b l e include the Long Dump Analysis 
which i s e s s e n t i a l l y the l a t t e r p a r t of the a c q u i s i t i o n program 
w i t h the a d d i t i o n o f the necessary read rou t i n e s t o input the 
data tape. Also a v a i l a b l e are rou t i n e s t o convert the binary 
output tape i n t o ASCII coded formats acceptable t o other 
computer i n s t a l l a t i o n s . 
6.2.4. Data Analysis 
The mathematical a b i l i t i e s of the CATY language are 
severely l i m i t e d and f o r t h i s reason ohly very crude data 
reductions.y are attempted on the PDP-11. More s o p h i s t i c a t e d 
a n a l y s i s i s l e f t t o machines capable of running FORTRAN. At 
the time o f w r i t i n g , the hardware c o n f i g u r a t i o n of the 
PDP 11/03, as described i n Chapter Four, w i l l not support 
FORTRAN, although a compiler i s a v a i l a b l e . 
FORTRAN r o u t i n e s have been w r i t t e n to input data tapes 
i n t o the NUMAC (Northumbrian U n i v e r s i t i e s M u l t i p l e Access 
Computer) f a c i l i t y at Durham. Routines have also been w r i t t e n 
t o i n p u t the data tapes i n t o the ICL 1905 computer at the RGO 
although these had not been f u l l y proved bpfore the end of the 
observing run at the Observatory. 
The a n a l y s i s techniques used t o f u r t h e r "clean-up" 
2) 
the spectra are t o be described i n d e t a i l by A. Humrich 
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6.3. Performance of the Plessey Array under 
Observational Conditions 
Some problems were encountered when operating the 
array d u r i n g the observing programme, some of which had 
not been encountered p r e v i o u s l y . These w i l l be described 
here, but f i r s t some specimen, data i s described, 
i l l u s t r a t i n g the operation of the array. 
During a l l o b s e r v a t i o n a l work, the array was 
operated w i t h no heater supply, and w i t h l i q u i d n i t r o g e n 
c o o l i n g , so array temperatures were around -120°C. The 
frame time used was lOOmS. 
6.3.1. Specimen Data from Observations of Vega 
The sequence of readouts and displays obtained during 
a run was described i n Section 6.2. The photographs i n . 
Figure 6.4. are from an exposure on Vega i n the region of the 
oxygen l i n e s at 777o8, Run 196. Figure 6.4. (a) shows the 
raw data from the FPNl readout at the s t a r t of the i n t e g r a t i o n 
sequence. The v e r t i c a l axis i s 4096 ADC u n i t s (lOV) f u l l 
scale, w i t h the f u l l y charged s t a t e towards the top of the 
screen. The baseline l e v e l s can be seen at the bottom of 
the t r a c e . The presence of considerable o f f s e t f i x e d p a t t e r n 
noise can be seen., 
Figure 6.4. (b) shows the raw data from a NDRO frame 
a f t e r an i n t e g r a t i o n o f 1811 frames (3 min. 1 sec). L i t t l e 
i n f o r m a t i o n can be seen i n the data when presented i n t h i s way. 
The general accumulation of s i g n a l i s evident from the decrease 
i n the video l e v e l s , but any features are masked by the o f f s e t 
f i x e d p a t t e r n noise. 
(Q) 
FPNl (b ) 
NDRO 
( 0 (d ) 
DSRO 
( e ) 
FPN2 
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Figure 6.4. ( c ) shows the display presented t o the 
user a f t e r the NDRO readout. The lower trace i s simply a 
repeat o f the raw NDRO data of Figure 6.4. ( b ) . The upper 
t r a c e shows t h i s data a f t e r the s u b t r a c t i o n of the FPNl 
reset l e v e l s . The f u l l scale here i s 1024 ADC u n i t s (2.5V). 
The presence of s p e c t r a l features i s evident. I n general, 
the exposure i s terminated when the s i g n a l l e v e l i n t h i s 
upper t r a c e reaches close t o f u l l scale i n order t o ensure 
the a r r a y does not go i n t o the s a t u r a t i o n region. 
Figure 6.4. (d) displays the raw data from the double 
sample readout (DSRO) which was requested f o l l o w i n g the 
i n s p e c t i o n of the NDRO data. The i n t e g r a t i o n p e r i o d i s 
1843 frames (3: min 4 sec). The four video l e v e l s per diode 
p a i r (see Figure 4.4.) are r e a d i l y v i s i b l e . Again i t i s 
d i f f i c u l t t o v i s u a l l y e x t r a c t any us e f u l i n f o r m a t i o n . 
Figure 6.4. (e) shows the raw data from FPN2, and 
t h i s i s approximately the same as FPNl. 
The data from the DSRO frame has i t s o f f s e t 
v a r i a t i o n s removed by s u b t r a c t i o n of appropriate l e v e l s 
w i t h i n t h i s data as described i n Chapter 3. The r e s u l t i n g 
spectrum i s i l l u s t r a t e d i n Figure 6.5. ( a ) , w i t h a f u l l scale 
of 512 ADC u n i t s (1.25V). This data i s s t i l l very "noisy", 
although some fe a t u r e s can be c l e a r l y d i s t i n g u i s h e d , such 
as the l a r g e absorption f e a t u r e at about 1/3 of the way along 
the a r r a y . 
Section 6.2.3. described the removal of r e s p o n s i v i t y 
v a r i a t i o n s by d i v i s i o n of the subtracted s t e l l a r spectrum 
w i t h a s u b t r a c t e d tungsten spectrum. Figure 6.5. (b) shows 
a s u b t r a c t e d spectrum obtained w i t h a 30 frame exposure on 
the tungsten source, (Run 201). F u l l scale i s again 512 
A.D.C. u n i t s . 
(Q) (b ) 
( c ) (d) 
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Figure 6.5. ( c ) shows the r e s u l t s of t h i s d i v i s i o n . 
F u l l scale here i s a r a t i o of 2.048. The data has been 
considerably improved, e s p e c i a l l y at the r i g h t hand (red) 
end. The poor q u a l i t y of the smoothed data at the l e f t 
end i s due t o the misalignement of the tungsten spectrum 
on the a r r a y , evident also i n Figure 6.5. ( b ) . 
The wavelength scale on t h i s spectrum i s approximately 
0.458/d iode, or 11 5S f u l l scale, w i t h the blue end on the l e f t . 
I n order t o be able to accurately i d e n t i f y the features, 
a wavelength c a l i b r a t i o n i s required. This can be achieved by 
an exposure w i t h a neon discharge lamp i l l u m i n a t i n g the spectro-
graph s l i t . Figure 6.5. (d) shows a d i s p l a y of the s t e l l a r 
spectrum of Figure 6.5. ( c ) i n the upper t r a c e , and a neon 
spectrum on the lower t r a c e . A d e t a i l e d d e s c r i p t i o n of the use 
of neon spectra f o r the i d e n t i f i c a t i o n of s t e l l a r s p e c t r a l 
2) 
f e a t u r e s i s t o be given by A. Humrich . 
Some idea of the " c o l l e c t i n g r a t e " of the system as a 
whole can be deduced from above data. The spectrum of 
Figure 6.5. (a) was obtained w i t h an i n t e g r a t i o n time of 
3 min 4 sec, and the mean s i g n a l l e v e l i n the continuum i s 
about 330 ADC u n i t s or 0.8V. The magnitude of Vega i s 0.03 
Thus f o r Vega (m = 0.03) the c o l l e c t i n g r a t e i s approximately 
1.79 ADC u n i t s / s e c . I n general, f o r a s t a r of magnitude m, 
the c o l l e c t i n g r a t e i s given by :-
1.79 (2.512 - ( ' ^ - 0-03)) 
1.83 (2.512 ^) ADC units/sec 
or 4.46 (2.512 ^) raV/sec 
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6.3.2. Fixed P a t t e r n Noise 
The data described above can be used f o r performing 
a s t a t i s t i c a l a n a l y s i s of f i x e d p a t t e r n noise, an exercise 
t h a t would,be extremely lengthy and laborious without the 
computerised a c q u i s i t i o n system. 
a) Fixed P a t t e r n O f f s e t Noise 
An a n a l y s i s has been made of the d i s t r i b u t i o n of 
res e t l e v e l s i n the FPNl data of Run 196 (Figure 6.4. ( a ) ) . 
Figure 6.6. shows t h i s d i s t r i b u t i o n of reset l e v e l s . 
The range of reset l e v e l s encountered i s 1594 ADC 
u n i t s , compared w i t h the f u l l output swing of the array 
(from the highest reset l e v e l t o the baseline) of 3775 
ADC u n i t s . 
The magnitude of the o f f s e t f i x e d p a t t e r n noise 
places considerable l i m i t a t i o n s on the d i g i t i s a t i o n step 
s i z e . For example, i n the exposure of Run 196 described 
above, the average s i g n a l l e v e l i n the continuum was 330 
ADC u n i t s . Thus the " r e s o l u t i o n " of s i g n a l l e v e l i s only 
1 i n 330 despite the use of a 12 b i t ADC. This arises 
because we choose here t o d i g i t i s e the baseline l e v e l 
a l s o . Consider the s i t u a t i o n i f we were not t o d i g i t i s e 
the b a s e l i n e . The s i g n a l could be a m p l i f i e d f u r t h e r before 
i n p u t t o the ADC, but only t o p o i n t where the range of 
o f f s e t s matches the input range of the ADC. The average 
s i g n a l would then be around 850 ADC u n i t s . Thus the r e s o l u t i o n 
o f the d i g i t i s i n g system i s being g r e a t l y degraded by the need 
t o accommodate the range of o f f s e t s present i n the video 
waveform. 
V I D E O L I N E 3 
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Various schemes have been suggested f o r removing 
some of the f i x e d p a t t e r n o f f s e t p r i o r t o d i g i t i s a t i o n . 
A l l such systems involve the use of a d i f f e r e n t i a l a m p l i f i e r , 
w i t h one input s i g n a l representing the o f f s e t . This o f f s e t 
can be obtained i n r e a l time by delaying the video and 
feeding back the appropriate l e v e l s , or can be synthesised 
from p r e v i o u s l y stored d i g i t a l data v i a a D t o A converter. 
Figure 6.7. presents a sketch of a system of the l a t t e r type. 
The m e r i t s and l i m i t a t i o n s of various schemes are c u r r e n t l y 
being i n v e s t i g a t e d . 
b) Fixed P a t t e r n Responsivity Noise 
I n order t o measure v a r i a t i o n s i n r e s p o n s i v i t y , 
i d e a l l y a p e r f e c t l y uniform i l l u m i n a t i o n over the length 
of the array i s requ i r e d . Such an exposure proved very 
d i f f i c u l t t o o b t a i n , and instead the tungsten exposure 
from Run 201-'(Figure 6.5. ( b ) ) has been used. Before 
the r e s p o n s i v i t y d i s t r i b u t i o n can be measured, the v a r i a t i o n 
i n i l l u m i n a t i o n along the array must be "removed". In 
order t o do t h i s , i t was assumed t h a t the i l l u m i n a t i o n would 
be a smooth f u n c t i o n , and a t h i r d order polynominal f i t 
was made t o the data. This f u n c t i o n was then assumed as 
u n i t y r e s p o n s i v i t y , and the de v i a t i o n s from t h i s were 
computed. The d i s t r i b u t i o n obtained i s shown i n Figure 6.8. 
The standard d e v i a t i o n of the r e s p o n s i v i t y i s ca l c u l a t e d as 
<^ = 4.9%. 
This w i l l i n e v i t a b l y include some d e v i a t i o n caused 
by the e r r o r i n assuming the i l l u m i n a t i o n f u n c t i o n to f i t 
the t h i r d order polynominal, but serves as a u s e f u l 
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6.3.3. Random Noise 
The d i g i t i s a t i o n step s i z e throughout the work at 
the RGO was approximately 2.5mV. From the estimated 1.6yaV/ 
c a r r i e r o f Chapter 5, t h i s step represents a "quantisation 
noise" o f some 1500 c a r r i e r s , which we would expect t o mask 
the random noise. Thus we expected the f o l l o w i n g experiment 
t o show us t h a t the only observable noise was due t o 
the q u a n t i s a t i o n step s i z e . 
I n order t o measure the random noise, the plan was 
to,make a large number of i d e n t i c a l exposures i n 
succession, i n the dark. The random noise could then be 
computed from the d i s t r i b u t i o n of a p a r t i c u l a r l e v e l from 
exposure t o exposure, and the double sampled noise computed 
from the d i s t r i b u t i o n of the d i f f e r e n c e between an 
ap p r o p r i a t e p a i r of l e v e l s . 
Attempts t o measure the d i s t r i b u t i o n of a given l e v e l 
over s e v e r a l exposures were l a r g e l y unsuccessful. As 
expected, the d i f f e r e n c e between l e v e l s (double sample noise) 
from exposure t o exposure d i d not show more than 1 ADC u n i t 
v a r i a t i o n e i t h e r side of the mean. The l e v e l s themselves 
however, i n the exposures f o r which we took the data, 
e x h i b i t e d a slow r i s e from exposure t o exposure w i t h time. 
Some t y p i c a l data e x h i b i t i n g t h i s e f f e c t i s shown i n Figure 
6.9. 
This e f f e c t w i l l be described i n the next section, 
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6.3.4. Lag Problems 
I t was noted i n Chapter 5 t h a t there were apparent 
problems w i t h image l a g , probably due t o a combination of 
incomplete recharge and i n e f f i c i e n t t r a n s f e r . The behaviour 
as shown i n Figure 6.9. seems to be f u r t h e r evidence of 
s i m i l a r problems. The data of Figure 6.9. was gathered 
over a timespan of roughly one hour. P r i o r t o the 
exposures, the spectrograph had been opened i n order to 
f i l l t he l i q u i d n i t r o g e n dewar, and so the array had been 
exposed t o l i g h t . 
Some i n t e r e s t i n g p o i n t s a r i s e : 
( a ) The baseline l e v e l s are s t a b l e , and so gain or 
o f f s e t d r i f t s i n the e x t e r n a l e l e c t r o n i c s can 
be r u l e d out. 
(b) The f i r s t video l e v e l of a diode p a i r i s higher 
, (more charged) than the second, and the second 
i s higher than the t h i r d ( r e s e t ) l e v e l . This i s 
i n f a c t a commonly observed phenomenon, at low 
temperatures and very low l i g h t l e v e l s . A 
po s s i b l e explanation f o r t h i s i s charge pumping. 
( c ) The d i f f e r e n c e s between l e v e l s do not change w i t h 
time, although the l e v e l s themselves increase, as 
i f there i s some slow change i n some i n t e r n a l 
parameter leading t o a d r i f t i n output l e v e l 
f o l l o w i n g exposure t o Tight. 
The f e a s i b i l i t y of charge pumping as a candidate f o r 
the e f f e c t as described i n (b) above can be tested by 
i n s e r t i n g some t y p i c a l values. As the gate of the recharge 
t r a n s i s t o r i s pulsed, charge w i l l be i n j e c t e d i n t o the 
s u b s t r a t a , tending t o reduce the charge on the gate capacitance 
of the source f o l l o w e r t r a n s i s t o r . Assuming, as i n Chapter 2, 
a pumped charge of 10 pC, and a gate capacitance of say 0.1 pC, 
t h i s would lead t o a step i n the region of lOOmV, compared 
t o the 25mV or so observed. Thus charge pumping could produce 
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an e f f e c t of the c o r r e c t order of magnitude. I f i t 
i s r e s p o n s i b l e however, i t remains t o be seen why, as 
can be c l e a r l y seen from Figure 6.9., the second step 
(as the second diode i s recharged) i s smaller than the 
f i r s t s t e p (as the f i r s t diode i s recharged). This i s 
perhaps 'peculiar . t o t h i s p a r t i c u l a r video l i n e 
(Array Number 302, Video Line 3 ) , but t h i s has yet t o 
be i n v e s t i g a t e d . 
A f u r t h e r problem became apparent when i n v e s t i g a t i n g 
the behaviour of the array during the exposure on Vega 
described e a r l i e r (Run 196). Figure 6.10 shows a p r i n t o u t 
f o r Run 196 which l i s t s the video l e v e l s f o r the f i r s t 
f i v e diode p a i r s f o r FPNl (Block 0 ) , DSRO (Block 2) and 
FPN2 (Block 3 ) . The f i r s t video l e v e l i s the baseline, the 
second the s i g n a l on both diodes of a p a i r , the t h i r d the 
s i g n a l on the second diode only and the f o u r t h the recharge 
l e v e l . 
The s i t u a t i o n i s shown g r a p h i c a l l y i n Figure 6.11., 
f o r t he f i r s t diode p a i r . 
I n the DSRO readout, the recharge l e v e l has dropped 
s i g n i f i c a n t l y , by about 150 ADC u n i t s , compared t o a 
" s i g n a l " l e v e l of about 300 ADC u n i t s . The FPN2 readout 
i s made 50 recharge frames l a t e r . The recharge l e v e l i s 
now h i g h e r , but s t i l l some 30 ADC u n i t s lower than i t was 
i n FPNi. This, combined w i t h the behaviour noticed i n 
Chapter 5 (Figure 5.9.) casts considerable doubt over the 
v a l i d i t y of the double sampling process. 
6.3.5. R e c i p r o c i t y F a i l u r e 
Suspicions were aroused about a possible non-
r e c i p r o c i t y e f f e c t when i t was noti c e d t h a t during 
o b s e r v a t i o n a l runs on f a i n t o b j e c t s , no strong features 
had been detected. The f o l l o w i n g observations were made 
i n an attempt t o demonstrate such a r e c i p r o c i t y f a i l u r e . 
( iv) 
(iii) 
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, Exposures were made on the l i n e i n Vega, as 
t h i s i s a very wide and strong f e a t u r e . An exposure 
was made on t h i s l i n e f o r 2.5 minutes (Run 312). This 
was f o l l o w e d by a second exposure (Run 314), t h i s time 
w i t h a 10,5% n e u t r a l density f i l t e r i n s e r t e d between the 
telescope and the spectrograph s l i t , but w i t h an exposure 
time o f 25 minutes. Thus these two exposures should have 
been s i m i l a r i n terms of i n t e g r a t e d l i g h t . The continuum 
l e v e l o f Run 312 (no f i l t e r ) proved s l i g h t l y lower than 
t h a t o f Run 314, poss i b l y due t o guiding problems or 
i n c o r r e c t c a l i b r a t i o n of the f i l t e r . The two continua 
were normalised by simply s c a l i n g the data of Run 312 by 
a constant f a c t o r (1.24), The two spectra, so matched, 
and d i v i d e d by the tungsten spectrum of Run 201 (Figure 
6,5. ( b ) ) are shown i n Figure 6,12, ( i n the region of the 
H ^  l i n e o n l y ) , 
The f e a t u r e i s shallower i n the spectrum from 
the weaker s i g n a l than i n the spectrum from the stronger 
s i g n a l . 
This supports the suspicions t h a t l e d t o the experiment 
I t i s not c l e a r from these observations whether the e f f e c t 
i s due t o a genuine reduction i n r e s p o n s i v i t y at low l i g h t 
l e v e l s , or t o a t h r e s h o l d e f f e c t , or t o a combination of 
both. There i s evidence f o r both i n previous data (Chapter 
5.4). A t h r e s h o l d has been observed during observations of 
thermal leakage, but t h i s has yet t o be s a t i s f a c t o r i l y 
i n v e s t i g a t e d . Support f o r the r e s p o n s i v i t y being a f u n c t i o n 
of s i g n a l l e v e l also comes from thermal leakage current 
measurements. Consider the leakage c u r r e n t density curve 
of Figure 5.6. This shows a downward t r e n d at low temperatures 
This c o i i l d be explained by a reduced r e s p o n s i v i t y at low 
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More work i s necessary t o i s o l a t e the f a c t o r s 
c o n t r i b u t i n g t o t h i s r e c i p r o c i t y f a i l u r e . Suggestions 
have been made t h a t the e f f e c t i s caused by the " i n v e r s i o n " 
of l e v e l s at low l i g h t l e v e l s as seen i n Section 6.3.4. This 
would c o n t r i b u t e about 5 t o 8 ADC u n i t s , as opposed t o the 
t h r e s h o l d of 30 or so ADC u n i t s r e q u i r e d to e x p l a i n . t h i s 
example of n o n - r e c i p r o c i t y . 
6.3.6. Odd-Even E f f e c t 
On many exposures, a d i f f e r e n c e i n r e s p o n s i v i t y 
between odd and even numbered diodes has been observed. 
An i l l u s t r a t i o n of t h i s e f f e c t can be seen i n Figure 
6,13, The photograph of Figure 6.13 (a) shows, on the 
upper h a l f of the screen, a "subtracted" spectrum, of Vega 
showing a strong absorption f e a t u r e (Run 175). On the lower 
h a l f .of the screen i s a tungsten exposure (Run 174), taken 
immediately p r i o r t o the exposure. The r e s u l t of d i v i d i n g 
the upper spectrum by the lower spectrum i s shown i n 
Figure 6.13 ( b ) . 
The d i f f e r e n c e s i n r e s p o n s i v i t y between the odd and 
even diodes i s c l e a r l y v i s i b l e , e s p e c i a l l y at the l e f t 
hand end of the spectrum. Note however, t h a t i f t h i s e f f e c t 
had the same magnitude i n both the s t e l l a r and the tungsten 
spectra, then i t would be removed by the d i v i s i o n . 
Observation of the phenomenon has led us to believe 
t h a t i t i s dependent upon the alignment of the s l i t image 
onto the diode array. Where the image s p i l l s over the 
edge of the diode area, excess s i g n a l appears to be generated. 
I n t h i s array, because i t was not designed f o r o p t i c a l 
imaging, the c i r c u i t r y on e i t h e r side o f the a c t i v e diode area 
i s not masked f r o m . l i g h t . Odd and even numbered diodes have 
t h e i r readout e l e c t r o n i c s s i t u a t e d on opposite sides of the 
l i n e of diodes. Therefore, i f there i s some mechanism whereby 
s i g n a l can be generated i n the supposedly i n s e n s i t i v e e l e c t r o n i c s , 
a misaligned s l i t image w i l l cause t h i s -odd-even e f f e c t . 
(Q) 
(b) 
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Figure ,6.14 (a) shows the conventional c i r c u i t 
diagram f o r the elements. However, each reverse biased 
d i f f u s i o n w i l l of course act as a photodiode. Figure 
6.14. (b) shows t h i s c i r c u i t redrawn to include these 
a d d i t i o n a l sources o f photocurrent. Each has a somewhat 
d i f f e r e n t e f f e c t . 
Dl i s the larg e area photodiode. D2 i s the drain 
d i f f u s i o n of T l , and i s i n p a r a l l e l w i t h Dl. The area 
of the d r a i n d i f f u s i o n i s not known, but i s probably about 
10 ^ m X 10 t h a t i s j u s t over 1% of the area of D l . 
Thus i t s c o n t r i b u t i o n t o the r e s p o n s i v i t y w i l l be 
very s m a l l . 
Diodes D3 and D5 are formed by the drai n d i f f u s i o n 
of T2 and the source d i f f u s i o n of T l r e s p e c t i v e l y . These 
are of s i m i l a r area t o D2. These photocurrents w i l l 
discharge d i r e c t l y the gate capacitance C^ of T3, the source 
f o l l o w e r t r a n s i s t o r . 
The photocurrents of D l , D2, D3 and D5 are thus 
a l l i n t e g r a t e d on the source f o l l o w e r gate capacitance. 
The d r a i n of T3 acts as a photodiode (D4) but t h i s photo-
c u r r e n t i s not i n t e g r a t e d and i t s e f f e c t w i l l t h e r e f o r e 
be small except at very high l i g h t l e v e l s . 
The source d i f f u s i o n s of T2 and T3 also act as 
photodiodes, but t h e i r e f f e c t i s only t o create a leakage 
c u r r e n t from the V^j^ l i n e to the substrate and t h i s w i l l not 
a f f e c t r e s p o n s i v i t y . Sources of photocurrent e x i s t w i t h i n 
the s h i f t r e g i s t e r , but t h e i r e f f e c t i s d i f f i c u l t t o p r e d i c t 
and w i l l h o p e f u l l y not degrade the array c h a r a c t e r i s t i c s . 
o — I T l 
T 2 
T 3 
Fl Q G. lA-. (a.) B A S I C C I R C U I T O F E L E M E N T 
I— 
FIC46.14. (b) S O U R C E S O P P H O T O C U R R E N T 
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I t was noted e a r l i e r t h a t t h i s odd-even e f f e c t , or 
" s p l i t t i n g " , h a d d i f f e r e n t c h a r a c t e r i s t i c s , i n the tungsten 
and s t e l l a r exposures. This has been a t t r i b u t e d t o the 
align^ment o f the spectrograph. The s l i t image from 
the tung'sten lamp i s not accurat e l y coincident w i t h the 
s l i t ima'ge from a s t a r . Further problems ar i s e because 
the p o s i t i o n of the s l i t image moves as the g r a t i n g 
incidenc'e i s changed. 
These d i f f i c u l t i e s make i t e s s e n t i a l t h a t array 
align^meht i s checked, and i f necessary, corrected , 
p e r i o d i c a l l y . Problems a r i s e on long i n t e g r a t i o n s on 
s t e l l a r o b j e c t s . . The p o s i t i o n of the s l i t image on the 
array i s dependent on the p o s i t i o n of the s t e l l a r image 
on the entrace s l i t . As the hour angle of the telescope 
changes jduring g u i d i n g , the p o s i t i o n at which the 
autoguider places the image moves. Also, i t has been 
found t ^ a t the array p o s i t i o n moves s l i g h t l y as the l e v e l 
of the l i q u i d n i t r o g e n i n the dewar drops. Thus even 
w i t h careful:, align^ment, some " s p l i t t i n g " i s u s u a l l y 
found on long exposures. 
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6.4. Summary 
The array has been operated w i t h a c e r t a i n degree of 
success at the 30 inch telescope at the RGO. The operation 
of the computer c o n t r o l l e d e l e c t r o n i c system has been 
•proved, and a s u i t e o f programs has been developed i n CATY 
covering o n - l i n e o p e r a t i o n , data i n s p e c t i o n and l i m i t e d data 
r e d u c t i o n . The techniques of non-destructive readout, 
s u b t r a c t i o n of f i x e d p a t t e r n noise and r e s p o n s i v i t y c o r r e c t i o n 
by d i v i s i o n of spectra have a l l been developed and proved. 
The minimum d i g i t i s a t i o n step i s too large t o enable 
noise l i m i t e d performance, but excessive f i x e d p a t t e r n o f f s e t 
noise prevents s i g n i f i c a n t r e d u c t i o n o f t h i s step size. 
Possible "feedback" systems f o r reducing the o f f s e t noise 
p r i o r t o d i g i t i s a t i o n are being evaluated. 
Some "odd-even" v a r i a t i o n i n diode s i g n a l has been 
observed, and t h i s has been traced t o l i g h t s p i l l a g e onto 
unmasked, p h o t o s e n s i t i v e areas of the on-chip e l e c t r o n i c s . 
Considerable problems have been encountered w i t h 
v a r i a t i o n of recharge l e v e l s and w i t h image r e t e n t i o n . 
R e c i p r o c i t y f a i l u r e has also been demonstrated, i n t h a t 
the a r r a y i s less responsive t o f a i n t l i g h t than to strong, 
and consequently s t r o n g s p e c t r a l f e a t u r e s have not been 
found i n exposures on weak o b j e c t s . These problems confirm 
many of the f i n d i n g s of Chapter 5, which described the . 
i n i t i a l l a b o r a t o r y t e s t i n g . 
The i m p l i c a t i o n s of these problems f o r the p r o j e c t 
as a whole are discussed i n the f o l l o w i n g Chapter. 
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CHAPTER SEVEN 
A Review of the Plessey Array Project, and 
some Comments on Future Development 
This Chapter sets out t o review the important 
f e a t u r e s of the work so f a r c a r r i e d out by the Durham 
group i n the period from t h e i r f i r s t involvement wi t h the 
p r o j e c t i n February 1977, u n t i l the end of the f i r s t 
o bserving p e r i o d at the R.G.O. i n August 1980. 
The concepts underlying the design of the array 
w i l l be reviewed b r i e f l y p r i o r t o a discussion of the 
r e s u l t s so f a r . 
7.1. The Design of the Plessey Array 
The i n t e r e s t i n diode arrays f o r astronomical 
imaging has been demonstrated by the number of groups 
using Reticon arrays. These have a l l been recharge 
sampling arrays. The b e n e f i t s o f f e r e d by such 
d e t e c t o r s have been the high quantum e f f i c i e n c y 
c h a r a c t e r i s t i c of s i l i c o n detectors, the absence of 
image r e t e n t i o n or la g , and the l i n e a r i t y of response,, 
coupled w i t h s i m p l i c i t y of use. 
The Plessey array was developed i n conjunction 
w i t h the RGO not f o r use i n d i r e c t o p t i c a l imaging 
a p p l i c a t i o n s , but f o r i n s t a l l a t i o n as a photoelectron 
d e t e c t o r i n an electronographic tube. Various novel 
techniques were included i n i t s design. 
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I t was thought thiat the s i g n a l produced by a 
s i n g l e photoelectron would be i n s u f f i c i e n t t o overcome 
readout noise, and so the "on-chip" a m p l i f i e r t r a n s i s t o r 
was included. This has the e f f e c t of i n t e g r a t i n g the 
photocurrent (and the leakage c u r r e n t ) not on the photo- • 
diode capacitance, but on the smaller gate capacitance 
of the source f o l l o w e r , thereby producing a greater 
v o l t a g e swing.. The source f o l l o w e r output i s then 
gated onto the video l i n e by a m u l t i p l e x i n g t r a n s i s t o r . 
The source f o l l o w e r gate capacitance can be recharged 
a f t e r readout by a charging t r a n s i s t o r . Thus the array 
has considerable s i m i l a r i t i e s i n p r i n c i p l e t o a 
co n v e n t i o n a l voltage sampling array and of course also 
i n h e r i t s i t s problems of an output c h a r a c t e r i s t i c t h a t 
i s c r i t i c a l l y dependent upon the type of output load 
i n use. 
There i s a f u r t h e r s p e c i a l f e a t u r e of the Plessey 
array. There i s separate access to the recharge l i n e , 
and t h i s leads t o the p o s s i b i l i t y of double sampling, 
which can be used to remove., o f f s e t f i x e d p a t t e r n noise, 
and reduces low frequency random noise. Furthermore,by 
not e n a b l i n g the rechare-e l i n e during a readout, a non-
d e s t r u c t i v e read can be performed. Averaging a number of 
successive non-destructive readouts can be used as a means 
of reducing random noise, 
The expected advantages of the Plessey array th e r e f o r e 
are c h i e f l y an improved s i g n a l - t o - n o i s e r a t i o due to the 
a m p l i f y i n g t r a n s i s t o r and to. the double sampling and non-.. 
d e s t r u c t i v e read techniques. Some problems are predicted 
t o a r i s e from these techniques, however. 
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7.2. P r e d i c t e d Problems a r i s i n g from the Design 
of the Plessey Array 
Conventional voltage sampling arrays have been 
shown t o have non-ideal output c h a r a c t e r i s t i c s when 
driv e n i n t o r e a l loads. The worst case load has been 
shown t o be the v i r t u a l e a r t h c i r c u i t . 
The s i t u a t i o n f o r the Plessey array becomes 
even worse. Because of layout c o n s t r a i n t s , outputs 
from adjacent diode elements are gated onto the video 
l i n e simultaneously. E x t r a c t i o n of the separate diode 
data i s achieved by the use of two charge pulse l i n e s . 
Linear operation r e l i e s upon a c o r r e c t summing acti o n 
on the video l i n e when connected t o the output load. 
Such a summing a c t i o n occurs only i n the case of the 
v i r t u a l e a r t h load. 
Further problems a r i s e when the charge t r a n s f e r 
mechanism through the a m p l i f y i n g t r a n s i s t o r i s considered. 
Signal t r a n s f e r has.been p r e d i c t e d to be slow at low 
s i g n a l l e v e l s . 
Such then are the a n t i c i p a t e d problems based on 
simple l i n e a r c i r c u i t a n a l y s i s . Further problems have 
been encountered i n p r a c t i c e . 
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7.3. Observed Problems w i t h the Operation 
o f the Plessey Arrays 
During l a b o r a t o r y t e s t s , i t was discovered th a t 
the double sample read operation f a i l s t o give a 
r e p r e s e n t a t i v e measure of the i n t e g r a t e d l i g h t s i g n a l . 
T h i s . appears t o be due t o incomplete recharging by 
the charge pulses. The non-destructive read seems a 
b e t t e r estimate, but by using t h i s the s p a t i a l r e s o l u t i o n 
i s degraded by a f a c t o r of two, and any advantages of 
double sampling t o reduce random noise are l o s t . 
The response time of the output t o changes i n 
l i g h t i n t e n s i t y was found t o be slow. Furthermore, 
t h e r e seems t o be evidence t h a t the i n t e g r a t i n g a c t i o n 
of the detector f a i l s at high l i g h t l e v e l s . 
During operation at the R.G.O., the same problem 
of the double sample readout underestimating the i n t e g r a t e d 
s i g n a l was noted. Image r e t e n t i o n over a considerable period 
has been observed, and r e c i p r o c i t y f a i l u r e has been 
demonstrated. 
Two other problems have been encountered, but 
these promise t o be r e l a t i v e l y easy t o overcome. The 
f i r s t i s the excessive f i x e d p a t t e r n o f f s e t noise which 
l i m i t s the d i g i t i s a t i o n p r e c i s i o n . This should be reduceable 
by pre - ADC s i g n a l processing. The second i s the odd-even 
e f f e c t which i s due t o s t r a y i l l u m i n a t i o n of the on-chip 
readout e l e c t r o n i c s . This should be eliminated by masking. 
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On the m e r i t . s i d e j t e s t s have shown a random 
noise f i g u r e lower than t h a t observed i n Reticon 
devices. The s p e c t r a l response c h a r a c t e r i s t i c s 
are also very promising. 
So f a r , the causes of the problems observed 
have not been s a t i s f a c t o r i l y i d e n t i f i e d , and t h i s must 
form a major p a r t of f u t u r e work plans. 
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7.4. A Suggested O u t l i n e f o r Short-Term Future Work 
7.4.1. Laboratory Measurements 
The l a b o r a t o r y measurements described i n Chapter Five 
were r e s t r i c t e d by a lack of s u i t a b l e equipment. In p a r t i c u l a r , 
the i n t e g r a t i o n c o n t r o l and data a c q u i s i t i o n system was s t i l l 
under development. Temperature c o n t r o l of the array was 
poor and no o p t i c a l t e s t f a c i l i t i e s e x i s t e d . Furthermore, 
many measurements would have b e n e f i t e d from the use of a 
t r a n s i e n t recorder. 
A major problem has been t o i s o l a t e one aspect of 
array o p e r a t i o n from another. Some steps were made towards 
t h i s i n the impulse response experiments (Chapter 5.8.). 
This experiment was only possible w i t h advent of the computer 
based c o n t r o l system. The use of the c o n t r o l system, i n 
c o n j u n c t i o n w i t h the t r a n s i e n t recorder, has been shown i n 
recent measurements on random.noise ch a r a c t e r i s t i c s " ^ ^ , 
measurements which would not have been possible without 
t h i s equipment. 
With the equipment now a v a i l a b l e , along w i t h a 
good o p t i c a l imaging system, i t should be possible t o 
c a r r y out d e t a i l e d i n v e s t i g a t i o n i n t o the e f f e c t s so 
f a r discovered. 
There appear t o be three main functions of the 
element t h a t are worthy of i n v e s t i g a t i o n . 
The t r a n s f e r of s i g n a l from the diode and i t s 
i n t e g r a t i o n on the source f o l l o w e r gate capacitance 
needs t o be i n v e s t i g a t e d . The method of using short 
l i g h t impulses seems promising, as t h i s enables the 
process t o be monitored i n i s o l a t i o n from the recharge 
f u n c t i o n . 
- 183 
The recharging f u n c t i o n also requires f u r t h e r 
i n v e s t i g a t i o n . Again, a system using short l i g h t impulses 
enables a s i n g l e recharge operation from any desired s i g n a l 
l e v e l t o be monitored. 
There i s an apparent r e c i p r o c i t y f a i l u r e and possibly 
a t h r e s h o l d e f f e c t . A study of these requires a l i g h t 
source capable of imaging accurately r e l a t e d and very 
small l i g h t i n t e n s i t i e s onto the array i n order to observe 
i t s behaviour w i t h small diode c u r r e n t s . 
Even using such techniques i t may prove impossible 
t o i s o l a t e one mechanism from another. I t would be very 
useful,^ , f o r such work, t o have a v a i l a b l e a s i n g l e element 
device such as the device used by the RGO f o r i n i t i a l 
t e s t s i n the Kron camera. 
7.4.2. Improvements t o the Control and A c q u i s i t i o n System 
The system as described i n Chapter Four i s w e l l s u i t e d 
t o experimental work of the type proposed above. For the 
f u l l p o t e n t i a l of the array t o be r e a l i s e d f o r astronomical 
work, some a d d i t i o n s t o the system are required. The f i r s t 
of these i n terms of p r i o r i t y i s the pre-ADC o f f s e t 
r e d u c t i o n system. 
The usefulness of the computer i s l i m i t e d by i t s 
shortage of addressable memory, and the absence of a 
r a p i d access mass storage device. An extension to 32K wordis 
of main memory and the a d d i t i o n of a twin floppy disk u n i t 
i s w o r t hwhile, and t h i s has been done already. This permits 
the use of the powerful RT-11 operating system and the use 
of h i g h - l e v e l languages such as FORTRAN IV f o r data a n a l y s i s . 
As mentioned p r e v i o u s l y , CATY i s i d e a l f o r the type of on- l i n e 
c o n t r o l being done at present. More powerful languages are 
worth c o n s i d e r i n g f o r f u t u r e use, but the programming overheads 
associated must be c a r e f u l l y evaluated. 
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Two u s e f u l surveys of the CAMAC orien t e d languages 
2 3) 
on the market have been published ' . 
I t i s not possible w i t h the present system to 
e x p l o i t the p o s s i b i l i t i e s of averaging successive non-
d e s t r u c t i v e read outs. To do so requires e i t h e r an 
extremely l a r g e b u f f e r s t o r e , or some s o r t of r e c y c l i n g 
memory i n t o which successive frames can be added. These 
two a l t e r n a t i v e s are sketched as Figures 7.1. and 7.2. 
The above, then, i s a recommendation f o r the immediate, 
short term work, and con s i s t s of some extensions to the 
c o n t r o l and a c q u i s i t i o n system and a d e t a i l e d i n v e s t i g a t i o n 
i n t o the device c h a r a c t e r i s t i c s . 
A long term development programme i s much more 
d i f f i c u l t t o suggest. The f o l l o w i n g section puts forward 
the author's personal views and recommendations, and these 
do not n e c e s s a r i l y represent the opinions of any other 
members of the group, past or present. 
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7.5. Suggested Long-Term Development Plans 
The f o l l o w i n g suggestions are based on the premise 
t h a t the goal of t h i s p r o j e c t i s t o produce a detector 
system capable of generating good astronomical observations. 
I m p l i c i t i n t h i s i s t h a t i t should have a performance b e t t e r 
or at l e a s t equal t o other systems c u r r e n t l y i n use. The 
discussion r e a l l y hinges on the type of device t o use, as no 
major r e - t h i n k i s r e q u i r e d concerning the s t r u c t u r e of the 
electronic/computing system. The options a v a i l a b l e f o r the 
type of device t o be used i n c l u d e the e x i s t i n g Plessey array, 
a custom designed device, or a commercially a v a i l a b l e diode 
ar r a y , CCD or CID. 
7.5.1. The Plessey Array 
The most immediately a t t r a c t i v e p o l i c y i s t o continue 
o b s e r v a t i o n a l work w i t h the Plessey Array. 
The o b s e r v a t i o n a l p e r i o d at the R.G.O. was extremely 
valuable i n r e v e a l i n g problems associated w i t h the devices. 
Much work on i d e n t i f y i n g the sources of these problems remains 
t o be done before f u r t h e r observing work can be attempted. 
Even then i t i s d i f f i c u l t t o see how a good detector system 
can be b u i l t around a device known t o have these problems 
of image r e t e n t i o n , n o n - r e c i p r o c i t y , i n c o r r e c t estimation 
of s i g n a l , and n o n - l i n e a r i t y . 
The one outstanding f e a t u r e of the array i s non-
d e s t r u c t i v e readout, but even t h i s i s achievable only w i t h 
a reduced s p a t i a l r e s o l u t i o n . 
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7.5.2. A Custom Designed Array 
This i s i n some ways the l o g i c a l extension of the 
p r o j e c t , i n t h a t a custom designed array has been b u i l t , 
t e s t e d and i t s d e f i c i e n c e s i d e n t i f i e d , and so the 
experience gained could be put i n t o an improved design. 
I t i s p o s s i b l e t o put forward t e n t a t i v e suggestions f o r 
a voltage sampling array which might possess some of the 
advantages of the Plessey array but without some of the 
problems. For example, the c i r c u i t of Figure 7.3. would 
s t i l l p rovide f o r non-destructive readout and double 
sampling. The t r a n s f e r t r a n s i s t o r has been removed and 
the s i g n a l i s now i n t e g r a t e d on the diode capacitance. 
The elements are no longer p a i r e d and thus non-destructive 
readout i s now po s s i b l e without loss of s p a t i a l r e s o l u t i o n , 
and the summing problem i s removed. The inherent non-
l i n e a r i t i e s of voltage sampling arrays are s t i l l present. 
Before such a p r o j e c t could be s t a r t e d , an in-depth 
-knowledge of the mechanisms w i t h i n the Plessey array would 
be r e q u i r e d . Close c o l l a b o r a t i o n w i t h a semi-conductor 
manufacturer would be e s s e n t i a l and considerable funding 
would be r e q u i r e d . I t i s d i f f i c u l t t o see from where 
s u f f i c i e n t i n t e r e s t could be generated i n order.to sponsor 
such a p r o j e c t . I t i s also not cl e a r t h a t the device 
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7.5.3. Reticons and CCD's 
Other groups have had success w i t h Reticon arrays, 
and these appear t o s u f f e r from none of the problems 
we have encountered. These arrays, being recharge sampled, 
do not o f f e r the p o s s i b i l i t y of non-destructive readout. 
S i m i l a r l y work has been done w i t h CCD's and these seem 
to o f f e r a lower noise l e v e l than recharge sampling 
diode a r r a y s . Both types of device are r e a d i l y a v a i l a b l e . 
Of p a r t i c u l a r i n t e r e s t i s the Reticon CCPD, a diode 
array w i t h a CCD readout r e g i s t e r . 
Using such devices would enable a working system, 
usable f o r astronomy, t o be constructed w i t h i n a r e l a t i v e l y 
short time. I t has been done before, and holds l i t t l e 
t e c h n i c a l i n t e r e s t as a research p r o j e c t , but may be of 
value as a "bread and b u t t e r " p r o j e c t t o maintain 
c r e d i b i l i t y and generate enthusiasm w i t h i n the 
astronomical community. I f the aims of the group were 
simply t o "do some astronomy", i t would probably be the 
best o p t i o n t o f o l l o w . 
7.5.4. The CID Array 
Of much gre a t e r t e c h n i c a l i n t e r e s t i s the p o t e n t i a l 
of the CID device. CID's are capable of performing a non-
d e s t r u c t i v e read o p e r a t i o n . A CID array has been purchased 
by the group, but so f a r l i t t l e work has been done on t h i s . 
The device s i z e i s 342 elements by 42 - elements, and t h i s 
w i l l l ead t o some s i g n a l processing problems. The storage 
r e q u i r e d f o r a s i n g l e frame i s s l i g h t l y less-than 16K words. 
In order t o b e n e f i t from averaging r e p e t i t i v e non-destructive 
readouts, a la r g e r e c i r c u l a t i n g and adding memory i s required, 
For example, t o sum 64 frames of 12 b i t r e s o l u t i o n would 
r e q u i r e a 16K x 18 b i t b u f f e r memory. 
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The i n v e s t i g a t i o n of the CID i s worth considerable 
e f f o r t , and i t seems t o be here t h a t the f u t u r e of the 
group l i e s , r a t h e r than i n cont i n u i n g astronomical 
observations of dubious q u a l i t y w i t h the Plessey array. 
7.5.5. I n t e n s i f i e d Imaging w i t h the Plessey Array 
The Plessey array was developed f o r use i n 
the p h o t o e l e c t r o n counting mode. A l l the problems t h a t 
have so f a r hampered i t s use as an o p t i c a l imager 
would be unimportant i f the array was used i n t h i s mode. 
Some c o n s i d e r a t i o n should be given t o t h i s , and the 
i n t e r e s t w i t h i n groups using devices such as the electrono-
graphic tube should be assessed. 
- 189 -
7.6. Conclusion 
At the outset of the p r o j e c t , the Nuclear 
I n s t r u m e n t a t i o n Group had no experience of o p t i c a l 
imaging systems. I n the 18 month period between 
the f i r s t v i s i t of the author t o the R.G.O. t o 
acquaint himself w i t h the.arrays, and the end of 
the f i r s t o b s e r v a t i o n a l t r i a l s at the R.G.O., 
considerable progress has been made. A powerful 
computer c o n t r o l l e d a c q u i s i t i o n system has been 
developed from s c r a t c h , and a number of p r o p e r t i e s 
of the arrays have been evaluated. The group as a 
whole has b u i l t up a considerable e x p e r t i s e i n imaging 
systems work, both i n terms of knowledge and experimental 
f a c i l i t i e s . The Plessey array has e x h i b i t e d a number of 
shortcomings when used f o r o p t i c a l imaging, and these 
cast some doubt about i t s u l t i m a t e usefulness as a 
detec t o r f o r astronomy. The c h a r a c t e r i s t i c s of the 
device are worth f u r t h e r i n v e s t i g a t i o n , but consideration 
must be given t o other types of s o l i d s t a t e imaging array, 
The CID seems t o be the most promising, but a Reticon 
device would probably lead t o an op e r a t i o n a l observing 
instrument i n a sh o r t e r time. 
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APPENDIX A 
D e f i n i t i o n s and D e r i v a t i o n s of DQE f o r an I n t e g r a t i n g Detector 
The usual measure of quantum e f f i c i e n c y quoted f o r 
a d e t e c t o r i s i t s Responsive Quantum E f f i c i e n c y (RQE). The 
RQE i s defin e d simply as :-
_ no. of detected photons ( A . l . ) 
n^bj — 
no, of i n c i d e n t photons 
A more u s e f u l measure of the performance of an 
i n t e g r a t i n g d e t e c t o r i s i t s Detective Quantum E f f i c i e n c y 
(DQE). This i s defined as :-
DQE = <S/N)^ out (A.2.) 
(S/N)^ i n 
where (S/N) out ='.signal t o noise r a t i o of the output s i g n a l 
and (S/N) i n = s i g n a l t o noise r a t i o of the input s i g n a l 
Consider t h i s i n r e l a t i o n t o a diode array. We must 
f i r s t c a l c u l a t e . t h e s i g n a l t o noise r a t i o of the output. I n 
order to' do t h i s , we assume t h a t two readouts are made, one 
a f t e r an i n t e g r a t i o n on the l i g h t source, and the second 
a f t e r a dark exposure. These are then subtracted t o remove 
o f f s e t noise. The array i s cooled, so leakage current and 
the shot noise on the leakage current are taken as zero. 
The s i g n a l w i l l be given by :-
S ^ = RQE N A T . out P 1 
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where RQE = Responsive Quantum E f f i c i e n c y of the detector 
N = I n c i d e n t Photon Rate P 
A T J = Exposure time of f i r s t ( s i g n a l ) i n t e g r a t i o n 
The noise on the output has 3 components. 
(a) the shot noise on the input s i g n a l . 
(b) the readout noise on the f i r s t i n t e g r a t i o n . 
( c ) the readout noise on the second i n t e g r a t i o n . 
2 2 Thus N = RQE Np AT^ + 2 o- ; where cr i s the readout noise. 
and we have 
VRQE N A T , + 2(T *^  " p 1 
The s i g n a l at the input i s given by :-
S. • = N^ AT^ 
in:: p 1 
and the noise.on t h i s i s the shot noise, given by :-
N = t A T i m p 1 
and so 
(S/N).^ =^Np AT^ (A.4.) 
This gives the.DQE, from Equation A.2. as :-
DQE = (A.5.) 
i . r -1 • 
RQE N AT^ . 
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The advantages of non-destructive readout can 
be seen by p r e d i c t i n g the DQE obtained by averaging 
a number of such readouts. The approach i s s i m i l a r , 
but the readout noise i s reduced because N samples 
are taken. 
This gives a new readout noise of :-
i s the noise r e s u l t i n g from N^ measurements 
of the s i g n a l , and 
^ 2 i s ^he noise r e s u l t i n g from measurements of 
the dark i n t e g r a t i o n . 
The DQE becomes :-
DQE RQE 
1 + ^ 1 ^2 
RQE N AT^ 
Now, i f N^ = Ng, then£^ = £ 2 ^^^^ becomes 
DQE RQE 
1 + 2cr 




The D i g i t i s a t i o n Sequence Generator 
The c i r c u i t diagram of t h i s module i s shown i n 
Figure B . l . Only one of the four programmable channels 
i s shown i n f u l l , the others being i d e n t i c a l . 
The 16 cycle count sequence i s generated by the 
4 b i t counter I C l and the 4 t o 16 l i n e demulitplexer IC2. 
S t a r t and Stop pulses are synthesised by programming 16 
to 4 l i n e m u l t i p l e x e r s ( IC3A and IC8A), the outputs of 
which feed a D-type f l i p f l o p (IC7A) which generates the 
output pulse of the desired length and t i m i n g . 
Four programmable outputs are generated i n t h i s way. 
A f i f t h , preset output i s generated by the f l i p - f l o p IC12. 
This output has a duty cycle of 50% and i s used as the 
Sub-Clock t o the Clock Phase Generator. 
Programming of the Stop and S t a r t M u l t i p l e x e r s i s 
by a s i n g l e p a i r of hexadecimal thumb wheel switches common 
to a l l f o u r output channels. Programming of each channel 
i s achieved by s e t t i n g the desired s t a r t and stop times 
on the thumb wheels and depressing the "SET" switch f o r 
t h a t p a r t i c u l a r channel. The next channel can then be 
programmed i n the same manner. S i m i l a r l y the s e t t i n g s of 
each channel can be observed on a ^ a i r of hexadecimal LED 
d i s p l a y s by depressing the "VIEW" switch of the desired 
channel. 
Figure B.2. shows a t y p i c a l t i m i n g sequence and 
the thumb wheel s e t t i n g s required t o program i t . 
Power f o r the module i s taken from the NIM + 6V r a i l 
v i a s e r i e s t r a n s i s t o r s t o reduce the TTL supply t o 5.4V. 
•/ 










V V V ^ i "Z ' * 
;-vv 





0 1 2 3 4 5 6 7 8 9 A B C D E F 
HOLD 
( 1 . 9 ) 
CONVERT 
• ( 3 . 5 ) _ 
STROBE 
( A . B ) 
INCR. 
( D . E ) 
SUB CLOCK 
0 1 2 3 4 5 6 7 8 9 A B C D E F 
FI0,B,2, TYPICAL TIMING SEQUEHCE 
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APPENDIX C 
The I n t e g r a t i o n Control Module 
The c i r c u i t of t h i s module i s drawn i n Figures 
C.IA. and C.IB. Figure C.l.A. shows the f u n c t i o n a l section 
of the module, and Figure C.IB. shows the CAMAC decoder 
and power s u p p l i e s . 
The MASK r e g i s t e r i s w r i t t e n t o from the Wl t o 
W3 l i n e s on the dataway. Wl gates the Strobe and Increment 
commands, W2 the Charge Pulses and W3 the LSR pulse. 
There are 3 LAM sources, L I set by the LSR pulse 
each frame, and L2 and L3 by f r o n t panel push-buttons but 
generated c o i n c i d e n t w i t h L I t o s i m p l i f y LAM handling. 
These are monitored by the LAM sta t u s r e g i s t e r . 
The design r u l e s of EUR 4100 specify t h a t each LAM source 
s h a l l be independently maskable and t e s t a b l e . Outputs 
enabled by the LAM Mask r e g i s t e r are "OR'ed" t o produce 
the L request. S i m i l a r l y , the r e s u l t s of the TEST functions 
are "OR'ed" t o produce the Q response. 
Only even-numbered F commands are used, thus 
s i m p l i f y i n g decoder l o g i c . F u l l CAMAC decode i s implemented, 
and the commands are siimmarised i n the t a b l e i n Figure C.IB. 
For the LAM handling commands, sub-address O forces a common 
a c t i o n t o a l l t h r e e LAM sources, whereas each source can be 
handled independently by using the appropriate sub-address. 

•4 < 
o o o 






The On-Line Co n t r o l Program 
The o n - l i n e c o n t r o l program i s l i s t e d i n Figure D.l. (a) -
(m). This i s the versi o n f o r the 12 b i t data a c q u i s i t i o n system. 
Lines 100 t o 1060 define module addresses and storage areas 
Because o f t h e l i m i t a t i o n on the naming of simple v a r i a b l e s , a 
number of v a r i a b l e s are gathered together i n arrays W, A and U 
f o r economy. 
Lines 1080 t o 1175 prompt the user and i n i t i a l i s e 
v a r i o u s counters and f l a g s . 
The main loop of the program i s contained w i t h i n l i n e s 
1185 t o 1240, The current frame number i s displayed on the 
user's VDU by l i n e s 1222 t o 1226. ' 
On r e c e i p t of an i n t e r r u p t , the program jumps out of 
the main loop i n t o the i n t e r r u p t handling r o u t i n e ( l i n e s 1250 
t o 2140), Decisions w i t h i n the r o u t i n e are made according t o 
the s t a t e o f the frame counter, X, the "readout i n progress" 
f l a g , L, and the L2 and L3 LAM requests. 
Lines 2490 t o 3650 are the memory t r a n s f e r and display 
r o u t i n e s f o r the four readout frames. 
At the end of the run, execution passes t o l i n e 4000. 
I n t e r r u p t s are disa b l e d and c o n t r o l i s returned t o the user. A 
run summary i s p r i n t e d and a menu of options f o r d i s p l a y , p r i n t o u t 
and dumping o f data i s presented. 
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Lines 4580 t o 4780 contain the p r i n t r o u t i n e s , and 
l i n e s 5000 t o 5340 the graphics d i s p l a y r o u t i n e s . Lines 5360 
t o 5950 are subroutines c a l l e d by the d i s p l a y r o u t i n e . 
S u b t r a c t i o n of spectra i s handled by the Number 
Crunching subroutine of l i n e s 6000 t o 6210. 
Lines 7000 t o 7610 form the punch r o u t i n e . The 
punching of some v a r i a b l e s i n the run header presents some 
problems. CATY words have a 24 b i t p r e c i s i o n , but only 
words of 8 b i t or 16 b i t length can be punched. A 16 b i t 
word can s t o r e an in t e g e r up t o 65535, but some 
i n t e g r a t i o n periods ( i n frames) are l a r g e r than t h i s . 24 
b i t words are s p l i t i n t o two 16 b i t words by l i n e s 7120 
t o 7130, using the l o g i c a l "AND" and " b i t s h i f t " f a c i l i t i e s 
of CATY. 
Lines 7620 t o 8800 contain some short CAMAC subroutines 
c a l l e d from other p a r t s of the program. Lines 8600 t o 8630 
are a n u l l subroutine, but a short r o u t i n e t o scale data i s 
included, here when using the 8 b i t a c q u i s i t i o n system. This 
i s the o n l y change requ i r e d . 
On occasion, i t i s u s e f u l t o be able t o " f r e e run" 
the array (e.g. t o set up a m p l i f i e r g a i n s ) , and a "f r e e run" 
r o u t i n e i s included i n l i n e 9000 t o 9160. 
This i s c a l l e d from the i n t e r r u p t r o u t i n e when the f l a g , 
O, i s set. A v a r i a b l e P i s read from the DATA l i s t i n l i n e 
9130. This v a r i a b l e i s the required mask word. I f a value other 
than a v a l i d mask work i s returned, the RESTORE statement returns 
the DATA p o i n t e r t o the beginning of the l i s t . The fre e run 
r o u t i n e i s h a l t e d by the s e t t i n g of the L2 LAM. 
ST ORAGE ALLOCAT I Or-J 
VDU=0,0^1 
?UWCH=0,0^ 3 
DRI\/ER = 0^0^ 12 
MODE=O^Oy13 
CKECK='j^'j^ 1 5 
Q5PL = 0 JO J20 
REM 
DIMEW Z (20-4 8 ) . 
DIMEN T ( 2 5 6 ) 
.DIMEN y ( 2 ) 
DIMEN A ( 4 ) 
DIMEl-J U C 4 ) 
DIMEN M ( 2 0 ) 
L E T 0=0 
L E T Y = l 
G0SU3 8 7 5 0 
FOR 1= 1 TO 10000 
NEXT 1 
L E T D=20 
PRINT "LENGTH OF I.NTEGRATION P E R I O D ? " 
INPUT E 
L E T G=l 




PRINT " " 
L E T M ( 4 ) = E • 
L E T M ( 5 ) = G 
l-'iODULE DEF IN I T I ON 
; STORAGE.FOR REDUCED SPECTRUM 
; STORAGE USED IN REDUCTION ROUTINE 
; STORAGE USED IN PRINTOUT ROUTINE 
; FRAME COUNTERS 
HEADER dLOCK FOR PAPER TAPE 0/P 
; CLEAR SCREEN AND PROMPT USER 
0100 REM 12 u l T 'DATA AC-1UI5ITIUN PROG'.iaM. 
0101 








































I 1 65 
I I 70 
1171 
1175 
T G N Y . l / o / 7 o 
RETURN TO START RUN 
PROGRAM RUNNING 
L E T M ( 1 0 ) = 0 
FOR 2= 1 TO 2 0 4 8 
L E T Z(a)=0 
NEXT a 
L E T X=0 
L E T K=0 
L E T L=0 
L E T J=0 
CLEAR Z 
FRAME^ COUNTER 
; I N T E G R A T I O N COUNTER 
FL=\G 
I N I T I A L I S E COUNTERS i FLAt 










































REM INTERP.UPT UETECTION iVND I DENT I F I CAT I Ui^ J 
ENB C^iTLjO ; ENABLE IigTERiiUPTS FROM CiSiTL MODULE 
I F L=l GOTO 2500 ; FP.Ml READOUT liJ PROGRESS 
I F L=2 GOTO 3000 ; DOUBLE SAMPLE READOUT IN PROGRESS 
I F L = 3 GO T03500 J F?i\12 IN PROGRESS 
I F L=A.G0 TO 2750 ; NDRO IN PROGRESS 
I F L=5 GO TO 3700 ; FINAL NDRO SERUENCE 
LET V=X-M(8) 
PRINT •• "jU 
LET Y='16 
G0SU3 8750 
FOR a= 1 TO 5000 
GO TO 1 1 85 
INTR 7 J INTR FROM CONTROL MODULE 
LET X=X+l 
-./Tl DSPL^O^X ; CYCLE COUNTER 
I F 0=1 GO TO 9050 ;0#0 - FREE IRUNNING 
I F 0=2 GO TO 9160 
I F L=l GOTO 1500 ; RECHARGE WHILE FPNI IN PROGRESS 
I F L = 2 GOTO 1500 ; RECHARGE v/HILE D.SAMPLE IN PROGRESS 
I F L=3 GO TO 1500 
I F L = A GO TO 1 600 
TLM CNTL^2 J TEST FOR STOP SIGNAL 
I F CAM3 GO TO 1950• 
I F X<D GO TO 1500 
I F X=D GOTO 1800 J FPNl READ CYCLE 
I F X=F GO TO 1900 ; DOUBLE SAMPLE READ CYCLE. 
TLM CNTL^3 ; TEST FOR NDRO REQUEST 
I F CAM3 GO TO 2100 
I F X<F GO TO 1600 J LSR ONLY 


















































I F X#2 GO TO 
GOsua 8 550 
EXIT 
WTI GNTL^O^l 













E X I T 
GNTL^O^ 7 
U(3 )=X + 1 













E X I T • 





ACTION AFTER INTERRUPT • 
; RECHARGE 
; SET HEMDRY FOR DATA IN 
; LSR PULSES ONLY 
; DISABLE 
; READ ( FREE RUNNING) 
; FPNl I'.EAD CYCLE 
; DOUBLE SAMPLE READ CYCLE 
J DOUBLE SAMPLE READ AFTER STOP' SIGNAL 
; FPN2 READ CYCLE 
; NDRO READ CYCLE 
I c ) 
21 50 
2^90 REM . . . 
2500 REM ^ 
2510 TF X< = U ( 1 ) GO TO-2500 
2520 
2530 G0SU3 8500 
2540 
2550 FOR Q= 1 TO 512 
2560 RDl MEHR^O^ZCQ) 
25 70 G0SU3 8600 
2580 NEXT Q 
2590 
2595 LET MC6)=U(1)-l 
2600 LET R=0 
2610 LET 3=0 
2620 G0SU3 5000 
2630 G0SU3 85 50 
2660 LET L=0 
2670 LET Y='7 
267 2 G0SU3 8 750 
2680 
•2685 LET M(S)=X 
2687 LET F=X+E 
2690 GOTO 1 1 85 
2700 
2710 REM 
27 50 REM 
2760 I F X<=U(2) GO TO 2 750 
2765 
2770' G0SU3 8500 
277 5 
2730 FOR 1= 513 TO 1024 
2785 RDl MEMR^O^ZCO) 
27 90 G0SU3 3600 
27 95 NEXT 0 
27 96 LET M(10)=a(2)-1 
27 97 LET V=M.(10)- M(8) 
27 98 FOR a= 1 TO 3 
27 9 9 LET Y='13 
2800 G0SU3 8750 
2801 NEXT Q 
280 3 PRINT •• NDRO AT'SV . 
280A FOR a= 1 TO 4 
2805 LET Y=M6 
2806 G0SU3 8750 
280 7 NEXT 0 
2310 LET 3=2 
2812 LET R=l 
2815 G0SU3 5000 
2820 G0SU3 8550 • 
232.1 ENB CNTL^3 
2822 LET L=0 
2825 I F X<F GO TO 1185 
2830 PRINT "RATS!!!" 
2835 LET F=X+l 
2340 GO TO 1185 
28 50 
MEMORY TRANSFER si DISPLAY OF FPNl 
ENABLE MEMORY FOR DATA OUT 
SCALE LEVELS 
BLOCK IDENTIFIER . 
DISPLAY 
SET MEMOR.Y FOR DATA IN 
SET UP END OF INTEGRATION 
; RETURN TO MAIN PROGRAM 
MEMORY TRANSFER OF NON DESTRUCTIVE READ 
;SET MEMORY TO DATA OUT 
TRANSFER TO COMPUTER MEMORY 
; SCALE LEVELS 
; S P L I T SPECTRUM DISPLAY 
; BLOCK IDENTIFIER 
J SET MEMORY FOR DATA IN 
; RE-ENABLE INTERRUPTS 














































DOUBLE SAMPLE T:'.AN5FER AND D I S P L A Y REM REM 
LET K=K+1 




I F X<=U(3) GO TO 3020 
GOSUB 8500 . ' ENABLE MEMORY FOR DATA OUT 




; SCALE LEVELS 
LET M(12)= U ( 3 ) - l 
LET R=2 ; BLOCK I D E N T I F I E R 
LET 3=2 
GOSUB 5000 ; DISPLAY 
GOSUB 6550 ; SET MEMORY FOR DATA IN 
LET L=0 





I F X<=U(A) GO TO 3500 
GOSUB 8500 








FPN2 TRANSFER AND DISPLAY 
; SET MEMORY FOR DATA OUT 
; SCALE LEVELS 










AO 2 2 
AO 2 3 
AO 2 5 
AO 2 6 

























































I F R< = 3 GOTO Al 80 
I F R=A GOTO A500 
I F R=5 GO TO 7000 
I F R=6 GO TO 7000 
I F R=7 GO TO 10 80 
GO TO A1 AO 
END OF RUN 
DISABLE INTERRUPTS 
" INTEGRATION PERIOD 
•• NO. OF INTEGRATIONS 
" FPNl AT FRAME 
" INTEGRATION BEGAN AT FRAME 
" LAST NON DESTRUCTIVE READ AT 
•• LAST INTEGRATION FINISHED AT FRAME "^M(12) 
" FPN2 AT FRAME ' " 
I I Iff 
INTEGRATION PERIOD ( ACTUAL ) 
••^M (A ) 
•' , M ( 5 ) 
•SM (6 ) 
•• ^  M ( 8 ) 
•SM (10 ) 
'•^ M( 1 A ) 
".V 
SELECT DISPLAYS^DUMPS OR NEW RUN 
DISPLAYS. FPNl=0.NDR0=1,DOUBLE SAM?LE=2.FPN2=3" 









I F R< 
I F R= 
I F R = 







SELECT PRINTOUTS,DUMPS^OR NEW RUN 
"PRINTOUTS. FPNl=0,NDRO=1,D.SAMPLE=2,FPN2=3,REDUCED D.S=A" 
"DUMP RUN=5, DUMP-REDUCED SPECTRUM 0NLY=6, NEW RUN=7" 
R 
=A GO TO A600 
5 GO TO 7000 
6 GOTO 7000 
7 GO TO 1080 
A 530 
( f ) 
BLOCK NUMBER = 'SR 
4580 
4590 REM PRINT DATA 
4600 LET S=R *512 
460 5 LET J=0 
4610 PRINT "NO. OF POINTS?" 
^1620 INPUT G 
4630 LET 3=0 
4640 PRINTK 




^•ii>6l I F R#4 GO TO 4665 
4662 LET J = l 
4663 G0SU3 6000 
^664 LET S = 0 
4565 I F 3<G GO T04675 
4667 
4670 GO TO 4530 
4675 
4680 FOR Q=l TO 4 
4690 LET C= 3+Q 
^700 LET C=C+S 
4705 I F J # l . GOTO 4710 
470 6 LET A ( Q ) = T ( C ) 
4707 GO TO 4720 
^-710 LET A(Q) = Z ( C ) 
4720 NEXT Q 
4730 
-^740 LET C= 3 + 1 
4750 PRINTH C>" :"^A(1 ) ^ A(2 ) ," " , A ( 3 ) ^ A ( 4 ) 
4760 LET 3= 3+4 ' 
4765 





50 1 0 
5020 
50 30 
































REM D I S P L A Y R O U T I N E S 
WTl MODE^O^l 
TST MODE^O 
I F NGTa GO TO 5 0 3 0 
C L l MUDE^O 
; E R ASE D I S P L A Y 
P L O T A X E S 
F 1 7 DRIVER^O^ ' 2 0 0 2 J X-LINE MODt, 
G0SU3 5 800 
G0SU3 5 850 
I F 3#2 GOT 05130 
GOSUB 5 900 
F l 7 DRIVER^O^'200 3 
G0SU3 5 800 
G0SU3 58 50 
I F B=2 GOTO 5240 






; Y = 0 
; Y = 1 0 2 3 
; S P L I T SPECTRA 
; Y = 5 1 2 
; Y - L I N E MODE ; x=o 
; X = 1 0 2 3 
; F U L L PAGE^ X S C A L E = 5 1 2 
; 5 1 2 P O I N T SPECTRUM 
S P L I T SPECTRUM 
J COMPUTE REDUCED SPECTRUM 
F 1 7 D R I V E R ^ O ^ ' 1 0 3 1 0 J LOWER H A L F PAGE^ 5 1 2 P O I N T S 
F 9 D R I V E R ^ 1 
GOSUB 5 6 0 0 ; 5 1 2 P O I N T SPECTRUM 
F 1 7 D R I V E R A J ^ • 1 4 1 2 0 ; UPPER H A L F PAGE^ 2 5 6 P O I N T S 
F 9 DRIVER.^ 1 • 













































S = R*512 
0=1 TO 512 

















FOR a=l TO 2 56 
LET Y = T ( 0 ) 
I F Y<102A GO TO 5720 
LET Y=0 
F16 D R I V E R . 0 , T O ) 
TLM DRIVER,0 






I F NOTQ GO T05820 
RETURN 
REM 
F l 5 DRIVER,0, 1 023 
TLM DRIVER,0 
I F NOTO GOTO 5870 
RETURN 
REM 
F16 DRIVER,0,52 8 
TLM DR1VER,0 
I F NOTO GO TO 5 920 
RETURN 
DISPLAY SUBROUTINES 
512 POINT SPECTRUM 
2 56 POINT SPECTRUM 
LINE PLOT Y=0 
LINE PLOT Y=102 3 
LINE PLOT Y=512 
( i ) 
5950 
6000 




























62 1 0 
6280 
REM 
I F Jfi'l 
L E T 
L E T 
FOR 
L E T 
L E T 
L E T 
L E T 
NUMBER CRUNCHING 
L E T 
L E T 
L E T 
L E T 
I F 
GOTO 6020 
R = 2 
S=R*512 
Q=l T O 12 8 
H=a-1 
H=H*4 
H = H + S 
H = K + 3 
W ( 1 ) = Z ( H ) 
H=H+1 
W ( 2 ) = Z ( H ) 
H=K+1 
R # l GOTO 6130 
L E T H = K - S 
L E T P=a*2 
I F a# 1 28. GQTO 61 70 
L E T T ( P ) = 0 
GOTO 6180 
L E T T ( ? ) = W ( 2 ) - Z ( H ) 
I F Z ( H ) < W ( 2 ) GO T O 61 80 
L E T • T ( P ) = 0 
L E T P=P-1 
I F R # I GO TO 61 90 
L E T W ( 2 ) = Z ( H ) 
L E T T ( P ) = W ( 1 ) - W ( 2 ) 
I F W(2 )<W(1 ) GO TO 6200 
L E T T { P ) = 0 
N E X T Q 
R E T U R N 
FOR NDRO T A K E R E S E T L E V E L S FROM Nl 






70 1 0 
70 1 2 










70 3 A 
70 36 
70 3 8 
70 AO 
71 1 1 
71 12 
71 1 3 
71 1 A 
71 1 6 
71 1 7 
71 1 S 










71 29 7130 
7132 



























F I R S T CHAR= '177777 
M(1)=W0. OF WORDS IN DUMP 
M(2)=RUN NUMBER 
M (3 ) = INT.PERIOD CHI WORD) 
M<A)=INT.PERIOD (LO WORD) 
M(5)=N0. - OF INT EG 





M ( I I ) = DOUBLE SAMPLE(HI) 
M(12)=D0U3LE SAMPLE(LO) 
M(13)=F?M2(HI) 
M ( l A ) = F ? N 2 ( L 0 ) 
M(l5)-M(20) ^ARE 
LET J=0 
I F R=6 GO TO 7118 
LET M(1 ) = 206S ; LONG DUll 
GO TO 7120 











M ( 3 ) 
M ( 3 ) 
M: C 7 ) 
M (7 ) 
M(9) 
M C 9) 
M ( 1 1 
M ( 1 1 
M(13 
M ( 1 3 
=M(A) & '7 7600000 
= M(3) DOWN 16 
= M(8) •% '7 7600000 
= MC7) DOWN 16 
= MClO) & '7 7600000 
= M<9) DOWN 16 
) = M(12) & '7 7600000 
)•= M(11) DOWN 16 
) = M(1A) & '77600000 
) = M(13) DOWN 16 
SEPERATE 2A BIT VARIABLES INTO 2*15 3' 
FOR a= 15 TO 20 
LET M(a)=0 
NEXT Q 




71 85 REM PUNCH TAPE 
7186 
7190 TST PUNCH, 3 J TEST FOR LOW TAPE 
7200 I F NOTQ GOTO 7230 
7210 PRINT " TAPE LOW " 
7220 GO To 4120 
72 30 : 
72 4 0 GOSUB 7S00 
7250 F26 PUNCHW ; PUNCH LEADER TAPE 
7260 GOSUB 7 300 
7262 
7264 F24 PUNCH,2 ; 16 B I T MODE 
7266 
7268 F16 PUNCH,0,'177777 J PUNCH START CHARACTER 
7270 
7280 
7290 FOR 0 = 1 TO 20 ' - ' 
7300 GOSUB 7800 
7310 F16 PUNCH,0,M(Q) . .; 
7320 NEXT Q. 
7330 • 
7340 I F R=6 GO TO 7500 
7350 
7360 FOR Q= 1 TO 2048 J PUNCH DATA 
73 70 GOSUB 7 800 ;• 
7380 F16' PUNCH,0,2(Q) 
73 90 NEXT Q • ,' 
7400 GO TO 7570 
7410 
7500 LET R=2 '•• 
7510 GOSUB 6000 J COMPUTE REDUCED SPECTRUM .'• 
7520 FOR 3 =1 TO 256 
7530 GOSUB 7800 
7540 F r 6 PUNCH,0,T(Q) 
7550 NEXT Q ' • , 
7560 
7570 GOSUB 7 800 • 
75 80 F26 PUNCH,1 ; PUNCH TRAILER 
7590 GOSUB 7 800 








































90 7 0 
90 3 0 
90 90 
9100 






















TEST PUNCH READY 
SET MEMORY FOR DATA OUT 
SET MEMORY FOR DATA IN 
SCALE DATAC 8 BIT PROGRAM•ONLY) 
REM 
TST VDU,2 









I F NOTQ GO 
LET 0=2 
READ P 




P= 1 I F 
I F P = 3 
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